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FOREWORD

This technical report presents the results of the LAGEOS Phase B
Thermal/Optical/Vibrational Analyses and Test Program. The study was
conducted by the Bendix Corporation, Aerospace Systems Division, for
the National Aeronautics and Space Administration, George C. Marshall
Space Flight Center, under Contract NAS 8-30658.

The results of this study are contained in two volumes, which are
prepared and submitted in accordance with the data requirements of Contracti
NAS 8-30658, as follows:

Volume I Executive Summary
Volume II Technical Report

The study program was initiated in January 1974, the technical effort
was completed in September 1974 and the final report was completed in Oct-
ober 1974. The effort was conducted under the direction of Mr. D. R. Bowden,
LAGEOS Program Manager, and Mr. C. W. Johnson of the LAGEOS Program
Office, NASA-MSFC, Code PD-LA-MGR.

The successful and timely completion of these analyses and test
efforts is attributed to the conscientious and devoted efforts of J. Zurasky,
I. Creel and C. W. Johnson of NASA-MSFC and E. Granholm, J. Maszatics,
J. Monroe and L. Lewis of Bendix, under the direction of 1. Brueger, Bendix
Program Manager. The essential cooperation and assistance of P. Forman,
C. 7anoni, S. Laufer and W. Fox at Zygo Corporation in Middlefield, Connec-
ticut (retroreflector fabrication, Far-Field Diffraction Instrument development
and test program support) and, of M. Kahan, M. Rimmer, D. Byrd and
J. Mieron at the Optical Systems Division, Itek Corporation in Lexington,
Massachusetts (retroreflector thermal/optical analyses) are also gratefully
acknowledged.
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1.0 INTRODUCTION

This report documents the results of the LAGEOS Thermal/
Optical/Vibrational Analyses and Test Program (Contract NAS 8-30658),
conducted for the National Aeronautics and Space Administration, George
C. Marshall Space Flight Center, from January through September 1974.
The purpose of this study is to verify, through analyses and tests, that the
MSFC LAGEOS design inherently provides a retroreflector thermal environ-
ment which maintains acceptable retroreflector internal thermal gradients.
Acceptable thermal gradiehts are those which result in less than 50% degrad-
ation of optical performance from isothermal optical performance.

This volume contains the technical results of the study, organized
by the major task areas. The inter-relationships of the major tasks are
also described and the major design decisions, during the program, are
also identified. For narrative brevity and technical accuracy, detailed
analyses and test results are provided in the original published format and
as raw test-date in the as-run test procedure, respectively, as a series of
appendices with this report.

Results of a retroreflector performance improvement effort, begun
in September 1974, will be documented in an addendum to this report, to.
be issued upon the completion of that effort.

2.0 STUDY PROGRAM SUMMARY

The overall objectives of the LAGEOS Thermal/Optical Vibrational
Analyses and Test Program, to meet the study purpose of LAGEOS design
performance verification, are as follows:

Develop a LAGEOS thermal model and conduct thermal analysis,
using this model, to predict retroreflector thermal behavior.

Procure and fabricate test hardware required to simulate the
LAGEOS design for the purpose of conducting environmental
tests.

Accomplish thermal, optical, and mechanical vibration tests
to verify that the thermal model and thermal analysis predic-
tions are representative of actual satellite performance.

The study was conducted by the accomplishment of a number of major
task areas, which were intended to provide the technical results to meet the
study objectives. These tasks, defined in detail in the Program Study Plan
(reference A), are as follows:
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Task 1 -- Develop Thermal Model and Pe rform Thermal
Analyses. The LAGEOS thermal model was developed and
parametric analyses results and final LAGEOS Satellite
temperature predictions were generated; the results are dis-
cussed in Section 3. 0.

The Thermal/Optical Analysis, included in this task, was
conducted by Itek and the Itek Final Report is included in
this report.

Task 2 - Provide the LAGEOS Test Article. Six (6) LAGEOS
retroreflectors were procured from the Zygo Corporation.
The LAGEOS test article was designed and fabricated to simu-
late the LAGEOS design, including the installation of the six
LAGEOS retroreflectors. The test article was utilized in
three configurations, as planned, in the thermal/optical and
vibrational tests of Task 3. The design, including design
criteria and rationale, are described in this report.

This task also included the design, fabrication and assembly
of a thermocouple fixture, installed in the test setup during
thermal/optical tests and instrumented to provide temperature
gradient measurements data. The design is described in this
report.

Task 3 - Conduct Thermal/Optical and Vibration Tests. A
test plan was developed and, subsequently, test procedures
were generated for each of the two major tests. The final
versions are included in this report.

The test arrangement for the thermal/optical tests was developed
and the various test fixtures were identified, designed and fab-
ricated. Test equipment, instrumentation and expendables were
identified and provided to support the tests.

The thermal/optical tests were run as planned and a number
of additional test conditions were run. Data was recorded,
reduced and evaluated.

The vibration tests were run as planned and the results were
recorded and evaluated.

Test results are included in this report as raw data with the
"as-run" test procedures and as reduced data. Conclusions
and recommendations which result from the evaluation of the
test results are also included.

2
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A dynamic model was generated and a dynamic analysis
was made of the initial baseline LAGEOS design, the hex-
faced retroreflector design, to support the selection of the
final LAGEOS design. Results, conclusions and recommen-
dations are presented.

Analysis of the circular-faced retroreflector design, based
on ALSEP test history, and of the LAGEOS acoustic environ-
ment were also made and results and conclusions are included
in this report.

Overall program conclusions and recommendations are
summarized in the final section of the report.

3
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3.0 THERMAL MODEL AND THERMAL ANALYSIS

The objectives of this portion of the Phase B effort (Task 1. 0 of
reference A) are to perform a parametric thermal evaluation of various
retroreflector mounting arrangements to minimize retroreflector thermal
gradients, to generate a LAGEOS thermal model for the selected MSFC
LAGEOS design, and, using this model, to predict thermal gradients for
the LAGEOS retroreflectors in the prescribed satellite orbit. (Task 1.0
also includes the thermal/optical performance analysis which is discussed
in Section 5.)

3. 1 Parametric Thermal Analysis

The parametric thermal analysis was based on the identification
of the hex-faced retroreflector (GEOS-C type) as the initial MSFC base-
line design configuration and of the circular-faced retroreflector (ALSEP
type) as the back-up design configuration. Results of this effort were
presented in the First Program Review and are included in Appendix A,
the Program Review Report. The results of this portion of the thermal
analysis supported the selection of the final retroreflector design config-
uration at the First Program Review.

3.2 Selection of the LAGEOS Retroreflector Design

After review of the parametric thermal analysis results (together
with the vibrational analysis results described in Section 4) at the Program
Review, the circular-faced retroreflector design configuration was selected
as the MSFC LAGEOS design. The bases for the selection are summarized
in the Program Review Minutes, Appendix B. Subsequent thermal/optical
analysis efforts, and ultimately the thermal optical tests, were thereafter
based on the circular-faced configuration.

3.3 Post-Selection Parametric Analyses

After selection of the circular-faced retroreflector design, the
parametric analyses cases were completed by the generation of tempera-
ture distribution predictions for a mount design with a 1-cm recess depth
to the front face of the retroreflector. The results are summarized in
Appendix C.

3.4 Thermal/Optical Analyses Input Data

Initially, it was planned to generate optical performance predictions
for only one thermal gradient condition, the worst-case orbital condition.
After selection of the circular-faced retroreflector design configuration,
the thermal model was updated to incorporate the final mount design details.

4
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Thermal gradient predictions were then generated for various orbital
conditions and two satellite cavity temperatures, equivalent to two
different satellite surface finishes. The single worst-case predictions
were selected from these results, which are summarized in Appendices
D and E.

An expansion of the optical analysis effort was directed by NASA-
MSFC and it was then necessary to define two additional sets of thermal
gradient predictions and two "unit gradient" predictions. These are sum-
marized in Appendix F, as they were coordinated with MSFC and provided
to Itek to perform the optical analyses, which is described in Section 5.

3. 5 Test Condition Analysis

Additional gradient predictions, which are peculiar to potential
test conditions, were also generated. The results are summarized in
Appendix G and they confirm that the optical analysis input gradients
include the maximum predicted temperature gradients.

A transient thermal, analysis was conducted to predict test item
stabilization times for chapging chamber envivonmental conditions, maxi-
mum allowable optical viewing time before temperature gradient criteria
are exceeded and test item temperature restabilization times. The results
are summarized in Appendix H.

3. 6 Final Satellite Thermal Analysis

After selection of the circular-faced retroreflector and definition
of the LAGEOS retroreflector ring-mount design by MSFC, the design
details were incorporated in the Bendix LAGEOS thermal math model.
Thermal gradient predictions were generated prior to the thermal/optical
tests for the bare machined-aluminum satellite design. The results are
summarized in Appendix J.

After evaluation of the thermal data measured in the thermal/optical
tests, the satellite thermal math model was correlated with the test results.
Final satellite thermal gradient predictions were then generated and the
results are summarized in Appendix K. The LAGEOS satellite thermal
math model description is also included in Appendix K to meet a data
submittal requirement of the Study Plan (reference A).

3. 7 Thermal Analysis Summary

The thermal analysis task results were summarized in the final
presentation at the MSFC LAGEOS PDR. This summary is included in
Appendix L.

5
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3. 8 Conclusions and Recommendations - Thermal Analysis

The conclusions and recommendations of this thermal analysis
effort are summarized in pages L-27 through L-29 of Appendix L.

4.0 DYNAMIC MODEL AND VIBRATIONAL ANALYSIS

The objective of this Phase B effort (Task 3.6 of reference A) is
to conduct a dynamic analysis of the baseline LAGEOS retroreflector
mount design and, based on the results, provide inputs to support the
selection of the final mount design geometry.

4. 1 Dynamic Analysis of Initial Baseline Design

The evaluation of the hex-faced retroreflector and the GEOS-C
type clip mount design, the initial LAGEOS baseline design, was com-
pleted for the First Program Review, except for the maximum stress
predictions for the clip design during exposure to the sinusoidal vibration
environment. The dynamic model description and the analysis re sults
are summarized in Appendix A. It should be noted that the results and
the conclusions shown are as updated (1 June 1974) to reflect the maximum
stress predictions completed after the review. The updated results add an
additional reason (i. e., the unacceptable stress level) for the requirement
to redesign the clip mount, if the hex-faced retroreflector had been retained
as the LAGEOS design. Since the Program Review conclusions resulted in
the adoption of the circular-faced retroreflector as the LAGEOS design,
the results are now only of academic interest.

The early dynamic testing of the mount design, originally in the
program, was deleted as part of a program change to increase the thermal/
optical testing, since dynamic testing was also planned for the final test
article.

4. 2 Conclusions and Recommendations - Dynamic Analysis

Subsequent to the Program Review, an evaluation of the LAGEOS
acoustic environment was made with respect to the need for acoustic
testing of the test article. The results are summarized in Appendix M
and are the basis for no acoustic tests, since the vibration tests already
expose the test article to a more severe environment.

Also, as a result of an action item identified at the First Program
Review, an evaluation of ALSEP analysis/test data was made to provide
rationale for confidence in the structural integrity of the circular-faced

6
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retroreflector and its ring mount in the LAGEOS application. Results of
this evaluation are summarized in Appendix N. It was concluded that the
LAGEOS dynamic environment would not subject the circular-faced retro-
reflector to excessive stress levels. Subsequently, the vibration tests of
the LAGEOS test article (discussed in Section 7) successfully demonstrated
the LAGEOS design integrity.

5.0 THERMAL/OPTICAL ANALYSIS

The objective of this effort is to predict LAGEOS retroreflector
optical performance for the expected worst-case thermal gradients
resulting from the LAGEOS orbit.

5. 1 Thermal/Optical Analysis Requirements

Initially, optical performance was to be generated for the nominal
LAGEOS retroreflector configuration under both the isothermal condition
andthe set of thermal gradients, representative of the single worst-case
orbit thermal condition. A program change increased the number of iso-
thermal cases to include both a nominal (or "perfect") retroreflector con-
figuration and a "tolerance" retroreflector configuration, having dihedral
angles covering the full specified tolerance range. The program change
also increased the number of thermal gradient cases to three (3), to cover
a range of temperature gradients for the nominal retroreflector, and added
one (1) thermal gradient case for the "tolerance" retroreflector. In addi-
tion, two "unit gradient" cases ("unit axial gradient" and "unit radial grad-
ient") were added to permit the evaluation of these separate effects. The
optical analysis cases are summarized in Appendix P; the input thermal
gradients for each case are those defined in Appendix F.

5. 2 Thermal/Optical Analysis Results

The expertise and proprietary optical design computer programs
of the Itek Corporation were utilized to perform the thermal/opti'cal
analyses. The Itek experience in retroreflector optical analysis includes
the generation of predicted thermal/optical performance of the ALSEP
LRRR retroreflectors for Bendix on the Apollo Program.

The inputs, the thermal/optical math model description, and the
analyses results are described, in detail, in Appendix Q. The optical
analyses results are also summarized in the final presentation handout,
Appendix L (pages L-33 through L-52).

5. 3 Conclusions and Recommendations - Thermal/Optical Analysis

The conclusions and recommendations of the thermal/optical
analysis effort are summarized on pages L-49 and L-50 of Appendix L.

7
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Other conclusions and recommendations, which relate the the
comparison of predicted optical performance with optical test per-
formance measurements, are included in Section 5.

6.0 THERMAL/OPTICAL TESTS

The objectives of this portion of the Phase B Program are to
experimentally determine the thermal/optical performance of the MSFC
LAGEOS design under isothermal and orbital worst-case thermal condi-
tions and to experimentally identify any effects of the launch/boo.t vibra-
tion environment on the thermal design and optical performance. A
directly related portion of the Phase B Program is the task to provide the
LAGEOS test article, which is also described in this section.

6. 1 Test Plan

The LAGEOS Phase B Test Plan was generated to describe the
overall plan for accomplishing the various tests required to achieve the
study program objectives. The plan identifies the requirements for each
test for program review purposes, for the design and fabrication of the
LAGEOS test article and test fixtures, for the allocation planning of test
facilities, equipment and expendables and for the generation of detail test
procedures by which the required test data will be obtained.

The initial issue of the Test Plan was released on 15 April 1974
and the plan was updated twice to incorporate review comments and directed
program changes. The final issue, dated 12 July 1974, is included as
Appendix R. This plan reflects the test program prior to the start of the
actual tests. The program was expanded and modified during the testing
and the final test conditions are as described in the "as-run" test procedure,
Appendix S.

6. 2 Test Article

The LAGEOS test article is a hardware assembly, including six (6)
LAGEOS retroreflectors, the design of which directly represents specific
critical LAGEOS design parameters to ensure credible thermal/optical
performances. The test article design criteria and the LAGEOS design
parameters represented in the test article are summarized as Appendix L.
The design requirements are discussed in even greater detail in Appendix R.

Drawings of the test article hardware, as fabricated, are shown in
Appendices L and R. The mounting ring designs were based directly on
the MSFC LAGEOS design but were modified as outlined in the Final Pre-
sentation (page L-68 of Appendix L) to maintain a . 002 to . 006 inch clear-
ance between the retroreflector tabs and the upper mounting ring. This
clearance requirement is based on ALSEP experience and is a compromise
between structural integrity requirements and minimum thermal conductivity
and thermal expansion/contraction loads on the retroreflector.

8
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The retroreflectors installed in the test article were fabricated by
the 7ygo Corporation of Middlefield, Connecticut. Retroreflector design
and characteristics are summarized in the Final Presentation (pages L-72
and L-85 respectively, of Appendix L). Data sheets for each test retro-
reflector are included in Appendix T.

6. 3 Test Methods

The test arrangement for the thermal/optical tests is shown in the
layout drawing and the photographs included in the Final Presentation (pages
L-59 through L-63 of Appendix L). The test arrangement requirements
necessitated the design and fabrication of a number of test fixtures, as
follow s:

* Thermal Optical Test Fixture
* Optical Window and Shield Assembly
* Far-Field Diffraction Instrument Support Plate
* Thermocouple Fixture

The requirements, functions and design of each of these fixtures is des-
cribed, in detail, in Appendix R.

The locations of the thermocouple instrumentation, on both the
thermocouple fixture and the test article, are identified in the "as-run"
test procedure, Appendix S.

The basic optical performance measurement instrumentation is
provided by the Zygo Far-Field Diffraction Instrument (FFDI). This
instrument, developed with Bendix capital equipment funding, was designed
and fabricated by the Zygo Corporation. The instrument overall design
characteristics and an optical schematic of the design are shown in
Appendix L. In addition, the FFDI measurement outputs are summarized
and the FFDI scale factor determination is described in Appendix L. A
photograph of the FFDI in the test arrangement is also shown in Appendix L.

The final set of test conditions planned to be used in the thermal/
optical tests is shown in the Test Plan, Appendix R. The test conditions
were expanded during actual testing and the final set of test conditions is
shown in the "as-run" test procedure, Appendix S. The final set of test
conditions are also summarized in Appendix L, in a format which can be
used as a guide, or index, for finding data for a specific set of test conditions.

9
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6.4 Test Results - Thermal Optical Tests

The test results, in the form of raw recorded test data, are !given
in the "as-run" test procedure., Appendix S. The FFDI photographic output
data are shown in Appendix U.

The raw data was selectively reduced to show the significant results.
The test data reduction techniques are summarized in Appendix L. Iso-
thermal/ambient performance is tabulated and isothermal/vacuum data is
plotted for each retroreflector as a function of laser field (incident) angle
and is shown in Appendix L.

In addition, the no sun - no earth IR thermal cases are plotted, for
each retroreflector, to show optical performance as a function of laser
field angle. The ratio of relative performance at the thermal condition to
the relative performance at the isothermal condition is also plotted as a
function of cavity core temperature (i. e., thermal condition). Review of
this data, shown in Appendix L, indicates that the maximum degradation
due to thermal gradients is about 35% (i.e., less than the 50% maximum
permitted. Reduced data for the 1 sun - no earth IR and the no sun - 1 earth
IR cases are also shown in Appendix L and indicate even less degradation due
to the resulting thermal gradients.

In all of the reduced data, the relatively large differences in optical
performance between individual retroreflectors is noted.

The optical performance for the Serial No. 3 (Cavity "A'"retroreflector
is compared with the optical analysis results for the "tolerance" retroreflector
design in Appendix L. Although the dihedral angles compare favorably, the
optical performance data differs significantly. This difference is attributed
to the difference in the measured location of the far-field diffraction pattern
high-intensity ring (from far-field pattern photographs) versus the location
of the annulus mask used to measure the return beam relation intensity, as
shown in Appendix L.

Performance differences at thermal/vacuum conditions may be
attributed to differences in the thermal gradients between the analytical
case and the test case (difficulties were experienced in directly measuring
thermal gradients on the retroreflectors). It was shown in the optical analysis
(Section 5) that axial gradients can compensate for degradation due to radial
gradients and manufactured wavefront deviation.

Optical performance results obtained before and after the vibration
tests are also reduced and shown in Appendix L. The comparison data is
for two of the retroreflectors which remained in the same orientation
throughout the pre-vibration and post-vibration optical tests. Only minor
changes can be noted in the pre-vibration and post-vibration data.

10
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6.5 Conclusions and Recommendations - Thermal/Optical Tests

The conclusions reached on the basis of the thermal/optical tests
are described in the Final Presentation, Appendix L, and these can be
summarized as follows:

The LAGEOS design demonstrates acceptable performance
degradation under worst-case orbital thermal conditions.

No significant thermal/optical performance changes result
from exposure to the LAGEOS launch/boost vibration
environment.

The present retroreflector dihedral angle tolerance of +0. 5
arc sec resultq in relatively large optical performance dif-
ferences between retroreflectors.

In addition, the following major conclusion resulted from evalua-
tion of the test results at the PDR:

The nominal dihedral angle specified for the LAGEOS retro-
reflectors appears to be too large for optimum return intensity
in the annular region of interest (13.2 to 16.9 are-sec dia-
meters) in the far-field diffraction pattern. The measured
dihedral angles for the test retroreflectors are based on
direct mechanical measurement, using an autocolimator and
a precision index table.

,The recommendations made at the Final Presentation are described
in Appendix L and are summarized as follows:

Modify MSFC mounting hardware drawings to reflect the test
article mounting hardware design.

Consider a retroreflector dihedral angle tolerance change if
LAGEOS system evaluation indicates more uniform retro-
reflector performance is required.

Consider additional thermal/optical analyses and tests to
support additional retroreflector performance data require-
ments for LAGEOS system analysis.

11
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A final recommendation, relating to the major conclusion reached
at the PDR, is as follows:

Reverify the measured dihedral angles for each test retro-
reflector, analytically determine the "effective" dihedral
angles from Twyman-Green interferograms for each retro-
reflector and rework the test retroreflector dihedral angles
and confirm performance improvements by optical tests.

7.0 VIBRATION TESTS

The objective of this portion of the Phase B effort is to subject the
LAGEOS test article to the worst-case sinusoidal and random vibration
environments, representative of the LAGEOS satellite qualification-level
launch/boost environment. The test is intended to demonstrate the struc-
tural integrity of the LAGEOS retroreflector/mount design and to determine
the effect, if any, on thermal/optical performance of the design.

7. 1 Test Set-Up

The test set-up involves the installation of the LAGEOS six-
retroreflector test article on a vibration fixture which, in turn provides
the tie-down interface with the Bendix vibration test system shaker head
or slip-plate. The vibration fixture is instrumented with a control accel-
erometer, oriented in the axis being tested. The set-up is described in
detail in the Vibration test procedure, Appendix V, and is shown in photo-
graphs in Appendix L.

7. 2 Test Results

The actual test sequence and real-time test results are described
in the "as-run" test procedure, Appendix V. Although one apparent anomaly
(test discrepancy) was reported, later investigation confirmed that the retro-
reflector condition noted had existed prior to the test. The details of the
anomaly investigation results are described in Appendix L. The vibration
test, therefore, demonstrated the structural integrity of the LAGEOS design.

The results of the thermal/optical testing, before and after the
vibration exposure, are discussed in Section 6.

7. 3 Conclusions and Recommendations - Vibration Tests

The conclusions, with respect to the vibration tests, are summarized
in Appendix L and, with respect to vibration exposure on optical performance,
in Section 6.
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As summarized in Appendix L, the LAGEOS acoustic environment
is shown to be negligible, compared to the vibration environment, 'and it :
is, therefore, concluded that LAGEOS integrity will not be affected by the
acoustics environment.

8.0 FINAL PRESENTATION

The Phase B Study Plan (reference A) requires the reporting of the
overall results of the study program in a final presentation at MSFC.

At MSFC request, this presentation was made as part of the LAGEOS
Program PDR at MSFC on 3-4 September 1974. Bendix, Itek and Zygo rep-
resentatives participated in the Bendix Phase B Program Final Presentation.
The summary of results for the analyses and test portions of the Phase B
program,and the conclusions and recommendations presented,served to
support the overall PDR conclusion that the MSFC LAGEOS design had been
confirmed as ready to proceed into the Phase C/D program.

The Final Presentation handouts summarize all of the data presented,
plus additional data included for clarification of specific areas, and are
included as Appendix L.

Review Item Discrepancies (RID), generated during the PDR, including
those related to the Bendix program final presentation, and the results of the
RID review and disposition by the PDR board are described in reference B.
None of the RIDs directly impact the Phase B results and are therefore men-
tioned only as reference information.

9.0 CONCLUSIONS AND RECOMMENDATIONS SUMMARY

9. 1 Conclusions

The major conclusions of this study, based upon the results developed
in the major task areas and documented in this report, are summarized as
follow s:

The LAGEOS design demonstrates acceptable performance
(less than 50% degradation) under worst-case orbital thermal
conditions.

No significant thermal/optical performance degradation results
from exposure of the LAGEOS design to the LAGEOS launch/
boost vibration environment.

13
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The nominal dihedral angle (900 0' 1. 5"), as specified for
LAGEOS retroreflectors, appears to be too large for optimum
return intensity within the LAGEOS far-field diffraction
pattern annular region (13. 2 - 16.9 arc-sec diameters).

The present dihedral angle tolerance (+0. 5") results in rela-
tively large optical performance differences between individual
retroreflectors.

The LAGEOS launch/boost acoustic environment is negligible,
compared to the vibration environment; therefore, it is con-
cluded that no effect on LAGEOS thermal/optical performance
will result from exposure to the acoustic environment.

The close agreement, between thermal predictions and thermal
test results (within 50 C), provides confidence that satellite
thermal gradients are accurately predicted by the LAGEOS.
the rmal model.

Based on thermal/optical analyses results, it is concluded that
optical performance is relatively insensitive to irregular dihed-
ral angle tolerances (i.e., angles distributed on each side of
nominal) and manufactured surface quality effects; optical pler-
formance varies considerably when dihedral angles change in the
same direction from the 1. 5 arc sec nominal (i. e. , relative
performance changes from 21.6% to 14.9% for a +0.6 arc sec
dihedral angle change).

Thermal/optical performance varies only about 1% in relative
performance for the range of thermal gradients evaluated in
the thermal/optical analyses.

Thermal/optical performance is sensitive to individual unit
thermal gradients (i. e. , only axial gradients or only radial
gradients), but axial gradients compensate for radial gradients
and for manufactured surface quality effects.

The LAGEOS thermal model, based on the LAGEOS orbital
characteristics and final design parameters and updated by the
results of the thermal/optical tests, will provide detail satellite
temperature distributions. A description of the final satellite
thermal model, including nodal, resistive and heating informa-
tion, in both tabulated data format and as a computer deck,
have been provided to MSFC.

14
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9. 2 Recommendations

The retroreflector cavity design should possess a low (less
than 5%) infrared emittance to enhance radiative isolation.

Thermal coatings/finishes which are applied to the satellite.
exterior surface should be of low solar absorption (i. e., high
visible reflectance) to permit tracking by ground stations.

Retroreflector mounting rings should have low thermal conduc-
tivity and should provide minimal contact with the retroreflec-
tor tabs for thermal design reasons. Loading of these tabs by
the mounting rings should be avoided, including loads due to
thermal expansion/contraction differences, to avoid retro-
reflector distortion. It is, therefore, recommended that the
NASA-MSFC mounting hardware drawings be modified to
reflect the LAGEOS test article mounting hardware design.

Consider retroreflector dihedral angle tolerance specification
reduction for more uniform performance (retroreflector-to-
retroreflector) and for some performance improvement (if the
nominal angle is optimized).

Reverify the measured dihedral angles for each retroreflector
and analytically determine the "effective" dihedral angles from
Twyman-Green interferograms; confirm the performance
improvement in optical tests of the test retroreflectors, after
rework to the optimum dihedral angles.

Consider additional thermal/optical analysis and test to more
fully explore the effects of various design parameters in support
of additional retroreflector performance data input require-
ments for the SAO LAGEOS system application analysis.

Correlate the Itek thermal/optical math model with the actual
retroreflector characteristics, the measured thermal/optical
test conditions and with the SAO optical analysis model;
generate new thermal/optical performance predictions to
support the selection of the optimum dihedral angles.

15
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INTRODUCTION

This LAGEOS Program Review is intended to fulfill the contract requirement for the first
interim performance review of the Bendix LAGEOS Phase B program. The agenda has
been coordinated with the MSFC LAGEOS Program Office and covers the results and/or
status of the current program tasks, as defined in the Bendix Program Study Plan,
LAGEOS-8, 15 March 1974.
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LAGEOS PROGRAM REVIEW

APRIL 17-18, 1974

BENDIX AEROSPACE SYSTEMS DIVISION
ANN ARBOR, MICHIGAN

AGENDA

* INTRODUCTION 
J. BRUEGER, BXA

* THERMAL ANALYSIS

MSFC STATUS R. CREEL, MSFC
BENDIX RESULTS/RECOMMENDATIONS , E. GRANHOLM, BXA

* DYNAMIC ANALYSIS/TEST

MSFC STATUS J. McBRIDE, MSFC
BENDIX RESULTS/RECOMMENDATIONS J. MASZATICS, BXA

* OPTICAL TESTS - MSFC STATUS J. ZURASKY, MSFC
* SELECTION OF LAGEOS RETROREFLECTOR CONFIGURATION MSFC/BXA

FACILITIES TOUR J. MONROE, BXA
J. BRUEGER, BXA
MSFC

* TEST PROGRAM STATUS

TEST PROGRAM SUMMARY J. BRUEGER, BXA
OVERALL THERMAL/OPTICAL TEST ARRANGEMENT J. MONROE, BXA
TEST ARTICLES J. BRUEGER, BXA
FAR-FIELD DIFFRACTION INSTRUMENT L. LEWIS, BXA
TEST FIXTURES & EQUIPMENT J. MONROE, BXA

THERMAL/OPTICAL TEST FIXTURE
OPTICAL WINDOW AND SHIELD ASSY
FFDI PLATFORM ASSY
VIBRATION TEST FIXTURE
TEST EQUIPMENT AND EXPENDABLES
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AGENDA (CONTINUED)

TEST CONDITIONS 
J. BRUEGER, BXA

PROGRAM SCHEDULES/STATUS 
J. BRUEGER, BXA

STUDY PLAN REVIEW MSFC/BENDIX
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INTRODUCTION (CONTINUED)

The overall Bendix Phase B program is summarized in the LAGEOS Study Logic Network.
This program review will present the results obtained in the performance of Subtasks 1.1,
1.2 and 3.6. There will be an opportunity in the review for MSFC representatives to
present the results and status of their LAGEOS thermal, dynamics and optical efforts
which complement the Bendix efforts. A major objective of this review is to then review
the results to date and select the LAGEOS retroreflector configuration which is to be
the basis of the analysis and test efforts for the remainder of the program.

The review will also present the status of Test Article and Test Program efforts, as
performed in Subtasks 2. 1, 2. 2 and 2.3 and in Subtasks 3. 1, 3.2 and 3.3, respectively.
The efforts presently underway are preparatory to performance of the various tests
in the remaining Subtasks. Test article configurations and test fixture designs will also
be presented.
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LAGEOS

THERMAL/OPTICAL DESIGN AND ANALYSIS

E. Granholm
17 April 1974
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THERMAL/OPTICAL DESIGN OBJECTIVES

The LAGEOS thermal/optical performance will be optimized if the individual retro-
reflectors can be maintained in a nearly isothermal state. The LAGEOS thermal design/analysis effort concentrates on minimizing axial and radial temperature gradients within
the retroreflectors. To achieve this objective, the thermal design:

1. Thermally isolates the retroreflectors from the satellite structure (both radiation
and conduction), and

2. Utilizes thermal control coatings and/or finishes which minimize retroreflector-to-
satellite structure temperature differences.

10



LAGEOS
THERMAL/OPTICAL DESIGN OBJECTIVES

. MINIMIZE RETROREFLECTOR AXIAL.AND RADIAL TEMPERATURE
GRADIENTS BY LIMITING RETROREFLECTOR/SATELLITE STRUCTURE
HEAT EXCHANGE.

. PROVIDE HIGH THERMAL RESISTANCE MOUNTING OF RETROREFLECTORS
TO SATELLITE STRUCTURE.

. UTILIZE TEMPERATURE CONTROL TECHNIQUES WHICH MINIMIZE
RETROREFLECTOR/SATELLITE STRUCTURE TEMPERATURE
DIFFERENCES.

11



ORBITAL ENVIRONMENT PARAMETERS

The orbital parameters utilized in the LAGEOS thermal design/analysis constitute theworst-case hot environment. By allowing the satellite core temperature to arrive at its
maximum level, corner temperature gradients will be upper-bounded and the corner opticalperformance will be lower-bounded. The maximum heating constants used to generatesatellite incident direct-solar, albedo, and IR heating rates are those specified in MSFCdocuments TMX-64627 and S&E-ASTN-PF 72-67. Incident heating rates will not change
appreciably if the orbit altitude of 5900 km is varied by + 10%.

12



LAGEOS
ORBITAL ENVIRONMENT PARAMETERS

ORBIT CHARACTERISTICS

ORBITAL ALTITUDE = 5900 KM
EQUATORIAL INCLINATION = 110"
ORBITAL ECCENTRICITY < 0.01
SATELLITE ATTITUDE = NO PREFERRED ORIENTATION
SATELLITE SPIN RATE = NO SPIN

HEATING CONSTANTS FOR HOT (WORST CASE) ENVIRONMENT (DEFINED BY MSFCTMX-64627 AND S&E-ASTN-PF 72-67)

SOLAR CONSTANT = 1412.5 W/M 2

ALBEDO REFLECTANCE = 30%/2
EARTH IR EMISSION = 237.0 W/M 2

MAXIMUM INCIDENT HEATING RATES

DIRECT SOLAR - 1412.5 W/M2 (448.0 BTU/HRFT 2 )
ALBEDO = 38.1 W/M 2 (12.1 BTU/HRFT 2 )
EARTH IR = 66.5 W/M 2 (21.1 BTU/HRFT 2 )

13



RETROREFLECTOR THERMAL PROPERTIES

The pertinent thermal/physical properties of T-19 Suprasil 1 are presented to provide
a basis for comparing the MSFC and BxA thermal math models. Thermal conductivity,
specific heat, and specific gravity were obtained directly from Amersil, Inc., Hillside,
New Jersey. Values of IR emittance and volumetric solar absorptance create maximum
temperature gradients in the retroreflector.

14



LAGEOS
RETROREFLECTOR THERMAL PROPERTIES

THERMAL PROPERTIES OF T-19 SUPRASIL 1 RECEIVED FROM AMERSIL, INC., HILLSIDE,
NEW JERSEY.

. THERMAL CONDUCTIVITY TEMP (-C) K (CAL/SECCM°C)
-50 0.0030

20 0.0033
100 0.0035

. SPECIFIC HEAT TEMP ( C) Cp (CAL/GM C)
-100 0.12
-50 0.14

0 0.17
100 0.23

.* SPECIFIC GRAVITY = 2.20

0 IR EMITTANCE = 90%

* VOLUMETRIC SOLAR ABSORPTANCE = 5%

15



TENTATIVE THERMAL CONTROL COATINGS

During the initial LAGEOS parametric thermal analysis, temperature control conceptswhich represent the range of passive heat transfer techniques were investigated. For areflective coating, IIT's Z-93 was assumed to be applied to the satellite exterior surfaces.Z-93 coating has a successful history of performance for providing thermal control of theALSEP LRRR's. Vacuum-deposited aluminum (VDA), which is also a space-qualified thermalcoating,was selected to represent the absorptive design approach.

16



LAGEOS
TENTATIVE THERMAL CONTROL COATINGS

COATINGS SELECTED TO BRACKET THE RANGE OF SOLAR ABSORPTANCE/IR
EMITTANCE (as/Eir) RATIO FOR CONVENTIONAL TEMPERATURE CONTROL
SURFACES.

IIT'S Z-93 WHITE ZINC OXIDE COATING (REFLECTIVE)
as = 0.16 - 0.22
Eir = 0.89
Aas 1 YEAR ULTRAVIOLET = 0. 11
Aas 1 YEAR SYNCHRONOUS ORBIT =.0.17
as/Eir USED IN LAGEOS THERMAL ANALYSIS = 0. 2/0.9
FLOWN ON ALSEP LASER RANGING RETROREFLECTOR ARRAYS

VDA-VACUUM DEPOSITED ALUMINUM (ABSORPTIVE)
as= 0. 10 - 0.20
Eir = 0. 05
as/Eir USED IN LAGEOS THERMAL ANALYSIS = 0. 15/0.05

17



DESCRIPTION OF THERMAL MATH-MODEL

The thermal math-model generated to predict temperature levels and heat exchange
rates for LAGEOS is described. Typical retroreflectors, installed at various locations
on the satellite surface, are analyzed in detail. The structural elements and retroreflectors to beexamined were selected to indicate potential thermal design problem areas.

18



I,AG EOS

DESCRIPTIt[,I (0OF THERMAL MATH MODEL

Item Node Identification Number of Nodes

Inertial Weight 1, 2 2
(30M20452)

Half Sphere 3-12 10
(30M20453)

Individual
Retroreflectors 25 - 42 Retro #1, Full Sun 18 Per Retro

50M24466 50 - 67 Retro #2, 160 Off-Sun 90 Total
50M24461 ) 75 - 92 Retro #3, 450 Off-Sun

100 -117Retro #4, 1800 Off -Sun
125 -142 Retro #5, 900 Off-Sun

Clip
(50M24467) 43 - 45 Retro #1 3 Per Clip

68 - 70 Retro #2 15 Total
93 - 95 Retro #3

118 -120Retro #4
143 -145 Retro #5

Combined

Retroreflectors 151 - 160 10

SPACE 201 - 206 6

TOTAL NODES 
133

TOTAL NUMBER OF RADIATION AND CONDUCTION RESISTORS = 401

19



HEXAGONAL CORNER THERMAL DESIGN/ANALYSIS ASSUMPTIONS

The hexagonally-faced retroreflector and its associated mounting configuration was
initially analyzed. The corner is suspended in its cavity at three points by a beryllium-
copper clip. The clip prongs are considered to be bent inward 0.010 inches, before the
corner is installed. This assumption is believed to create the worst-case (maximum)
contact pressure on the corner, thereby maximizing conductive heat transfer between the
cavity and the retroreflector. For this configuration, two thermal control coatings were
investigated (Z-93 and VDA) and were assumed to be applied to the satellite exterior sur-
face only. The cavity IR emittance corresponded to bare machined aluminum (cleaned and
degreased) for both cases. Also, the face of the retroreflector was assumed flush with
the satellite exterior surface.

20



LAGEOS

HEXAGONAL CORNER THERMAL DESIGN/ANALYSIS ASSUMPTIONS Satellite Structure

Corner Cube,
CORNER CUBE, HEXAGONAL (DWG NO. 50M24466). Hexagonal

CLIP (DWG NO. 50M24467)

PRONGS OF CLIP INITIALLY BENT INWARD
0. 010 INCHES (WORST CASE CONTACT PRESSURE).

SATELLITE STRUCTURE, HALF SPHERE CONCEPT
(DWG NO. 30M20453)

EXTERIOR SURFACES COATED WITH: Clip

7-10 MILS Z-93 (as/Eir = 0. 2/0. 9).

1200-1500A VDA (as/Eir = 0.15/0. 05).

INTERIOR SURFACES:

BARE MACHINED ALUMINUM, CLEANED AND DEGREASED (Eir = 0. 05).

21



SATELLITE STRUCTURE STABILIZATION TEMPERATURES - HEX CORNER

Satellite core temperatures for the hex-faced corner, mounted flush with the satellite surface
and with Z-93 coating applied on the satellite,are presented. The highlights are as follows:

1. The average satellite core temperature is approximately -29*C.

2. The total satellite core temperature fluctuation, , during the orbit duration, is
within 1/40 C.

3. The temperature gradient across the aluminum structure is approximately 3*C,for a
non- spinning satellite.
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SATELLITE STRUCTURE STABILIZATION TEMPERATURES

HEXAGONAL CORNER,FACE FLUSH WITH SURFACE,Z-93 CORTING(.2/.9),FULL SUN
LAGEOS 01 RUN DATE 04/03/74

t 11 SRTELLITE.SUN SIDE Q 12 SRTELLITE.SHADOWED SIDE
-26

-27

L -28

-29

-30 -

-31

-32 -32 25 50 75 100 125 150 175 200 225 250
> TIME (MIN)
tI BENDIX AEROSPACE SYSTEMS DIVISION
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TYPICAL CORNER TEMPERATURE RESPONSES

Typical corner temperature responses at various corner locations on the satellite, for the
indicated conditions, are shown. The conclusions are:

1. All corner temperatures range between -54 and -40*C.

2. At any instant, the maximum temperature difference between corners is approxi-
mately 14* C.

3. The maximum temperature fluctuation per corner for the orbit duration is 6C (corner
located on satellite top surface.)

24



TYPICAL CORNER TEMPERATURE RESPONSES

HEXRGONAL CORNER.FACE FLUSH WITH SURFRCE.,Z-93 COARTING(.2/.9) FULL SUNLAGEOS 01 RUN DATE 0Li/03/7L4

1] 31 CORNER FACE.SATELLITE SUN SIDE () 81 CORNER FACE.45 DEGREES OFF SUN
-36 106 CORNER FACE.SATELLITE DARK SIDE < 131 CORNER FACE.SATELLITE TOP SIDE

-40 - -- - - - - - - - - - - - - - -

-36

-44

cr

--52 ---- Af----

-56

-60
0 25 50 75 100 125 150 175 200 225 250

TIME (MIN)
BENDIX AEROSPACE SYSTEMS DIVISION
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WORST CASE CORNER TEMPERATURE DISTRIBUTIONS

Temperature responses for the retroreflector oriented toward the sun, corresponding
to the noted conditions, are described. The summarized results are:

1. The average mounting clip-to-retroreflector temperature difference
is 130C.

2. The corner maximum axial temperature gradient is 1. 70C.

3. The corner maximum radial temperature gradient is 0. 20C.

4. Both the axial and radial temperature gradients are approximately constant
over the orbit duration.
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WORST CASE CORNER TEMPERATURE DISTRIBUTIONS

HEXAGONAL CORNER.FACE FLUSH.WITH SURFACEZ-93 COATING(.2/.9).FULL SUN
LRGEOS 01 RUN DATE 04/03/74

C3 25 CORNER FACE.EOGE ( 31 CORNER FACE.MIDOLE
4 42 CORNER APEX O 43 PIN.MOUNTING CLIP

-22

-26

S-30
ui

a- 3

-38

-U

-Y7

0 0 25 so 75 10 125 150 175 200 225 250
> TIME (MINi

' BENDIX REROSPACE SYSTEMS DIVISION
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SUMMARY OF HEX-FACED RETROREFLECTOR AND
Z-93 THERMAL CONTROL COATING

Maximum axial and radial temperature gradients are tabulated for five retro-
reflectors at various locations on the satellite. Temperature gradients shown
correspond to the hexagonal-faced retroreflector, with the face flush with the
satellite surface and with Z-93 coating applied. The average maximum corner
axial and radial temperature gradients are approximately the same for all corners.

28



LAGEOS

SUMMARY OF THERMAL DESIGN/ANALYSIS
HEXAGONAL FACE RETROREFLECTOR, Z-93 THERMAL COATING*

Location Corner #1 Corner #2 Corner #3 Corner #4 Corner #5 Average
Normal to 160 Off-Sun 450 Off-Sun 1800 Off-Sun 900 Off-Sun

Sun

ATAxial 1. 74 1.75 1.66 1.66 1. 70 1. 70

A TRadial 0. 19 0.20 0. 19 0. 33 0.35 0.25

(0c)

* Z-93 THERMAL/OPTICAL PROPERTIES = o(s/Eir = 0.2/0.9

74 29



SUMMARY OF HEX-FACED RETROREFLECTOR AND
VDA THERMAL CONTROL COATING

For the second thermal design condition, vacuum deposited aluminum (VDA) wasassumed on the satellite.All other configuration and environmental factors remain thesame as the previously considered case. The average core temperature for the VDAcondition is +20C,versus -290C for the Z-93 case. The application of VDA coatinginduces maximum gradients of 2. 79 and 0. 44oC, respectively.
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LAGEOS

SUMMARY OF THERMAL DESIGN/ANALYSIS
HEXAGONAL FACE RETROREFLECTOR, VDA THERMAL COATING*

Location Corner #1 Corner #2 Corner #3 Corner #4 Corner #5 Average
Normal to 160 Off-Sun 450 Off-Sun 1800 Off-Sun 900 Off-Sun

Sun

ATAxial 2. 84 2. 83 2. 72 2. 76 2. 79 2. 79
(OC)

T Radial 0.40 0.39 0.40 0.52 0.51 0.44
(oC)

* VDA THERMAL/OPTICAL PROPERTIES = O~s/Cir = 0. 15/0.05

"Z 31



SUMMARY - HEXAGONAL-FACED RETROREFLECTOR AND
THERMAL CONTROL COATINGS

A direct thermal/optical performance comparison between the Z-93 and VDA
coatings is shown. The results show that the optical performance for LAGEOS will
be degraded if coatings possessing high a/E ratios are used. If the LAGEOS corner
is assumed to perform the same as a perfect -900 retroreflector, based on ALSEP
program data, its relative central irradiance would decrease from about 70 to 38%,
corresponding to Z-93 and VDA, respectively. Although relative central irradiance
is not a performance parameter of interest in LAGEOS, it is used only as a means
of comparing relative performance. These results show that the LAGEOS optical
performance will be influenced by the type of thermal control coating/finish applied
to the satellite exterior surface.
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LAG EO S
SUMMARY OF THERMAL DESIGN/ANALYSIS

HEXAGONAL FACE RETROREFLECTOR
COMPARISON OF THERMAL CONTROL COATINGS

THERMAL
COATING Z - 93 VDA

c) ATxial 1. 70 2. 79

O TRadial 0.25 0.44

RELATIVE CENTRAL
IRRADIANCE* 70% .38%

* BASED ON PRELIMINARY ALSEP THERMAL/OPTICAL PERFORMANCE
ESTIMATES.
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CIRCULAR CORNER THERMAL DESIGN/ANALYSIS ASSUMPTIONS

The circular-faced retroreflector, and its associated mounting configuration, con-
stituted the third thermal analysis condition investigated. The corner is held in the
cavity by its three mounting tabs which are captured between two Kel- F rings. A6061-T6 aluminum ring and three #2-56 flat head screws provide structural attachment
of the Kel- F rings to the satellite. A gap is provided between the rings and the corner
tab to provide conductive isolation between the retroreflector and the satellite structure.
The retroreflector front-face was assumed to be flush with the satellite surface. Z-93
thermal control coating was assumed to be applied to the satellite outside surface and
to the thermal control retainer ring exterior surfaces.
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Attac ment Hdwr.
LAGEOS

LAGEOS ermal Control
CIRCULAR CORNER THERMAL DESIGN/ANALYSIS ASSUMPTIONS /Retainer Ring (BxA

Clamp Ring,
Upper

. CORNER CUBE, CIRCULAR (DWG NO. 50M24461). Clamp Ring
Lower

. CLAMP RING, LOWER (DWG NO. 50M24459, P/N 1).
Satellite

. CLAMP RING, LOWER (DWG NO. 50M24459, P/N 2). Structure
Corner Cube, Circular

SATELLITE STRUCTURE, HALF SPHEIZE CONCEPT (DWG NO. 30M20453).

EXTERIOR SURFACE: 7-10 MILS Z-93 (as/Eir = 0. 2/0. 9).

INTERIOR SURFACE: BARE MACHINED ALUMINUM, CLEANED AND DEGREASED (Eir = 0. 05).

• ATTACHMENT HARDWARE

#2-56, 316 S/S FLAT HEAD SCREW WITH LOCKING HELICOIL INSERT

TORQUED TO 2. 5 IN LBS AND BACKED-OFF TWO TURNS TO PROVIDE AN
APPROXIMATE 0. 030 INCH "FLOAT" (MINIMIZES CONTACT PRESSURE).

* THERMAL CONTROL RETAINER RING (BXA ADDITION TO MSFC DESIGN)

PROVIDES TEMPERATURE CONTROL FOR UPPER CLAMP RING.

AFFORDS STRUCTURAL SUPPORT FOR KEL "F" MATERIAL DURING MECHANICAL
LOADING.
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SATELLITE STRUCTURE STABILIZAT'ION TEMPERATURES -
CIRCULAR CORNER

Satellite core temperatures for the circular-faced corner, mounted flush with
the satellite surface and with Z-93 coating applied, are presented. The highlights
are as follows:

1. The average satellite core temperature is approximately -36 0 C.

2. The total satellite core temperature fluctuation during the orbit duration
is within 1/40C.

3. The temperature gradient across the aluminum structure is approximately
2 C for a non-spinning satellite.
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SATELLITE STRUCTURE STABILIZATION TEMPERATURES
"CIRCULAR CORNER.FRCE FLUSH WITH SURFACE,Z-93 COATING(.2/.9),FULL SUNLAGEOS 03 RUN DATE 04/04/74

0 11 SATELLITE.SUN SIDE D 12 SATELLITE.SHRDOWED SIDE
-32

-33

LC

-36

-37

-38 -- - - - - ---. -

25 
50

0 2Sso 75 100 125 10O 1 5 200 225 250TIME (MIN)
BENDIX AEROSPACE SYSTEMS DIVISION
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TYPICAL CORNER TEMPERATURE RESPONSES -
CIRCULAR CORNER

Typical corner temperature responses at various locations on the satellite, for
the indicated conditions, are shown. The conclusions are:

1. All corner temperatures range between -67 and 470C.

2. At any instant, the maximum temperature difference between corners is
approximately 200 C.

3. The maximum temperature fluctuation, per corner, for the orbit duration
is -7 C (in the corner located on the satellite top surface.)
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TYPICAL CORNER TEMPERATURE RESPONSES

CIRCULAR CORNER.FACE FLUSH WITH SURFACE.Z-93 COATING(.2/.9).FULL SUN
LRGEOS 03 RUN DATE 04/04/7

( 31 CORNER FACE.SATELLITE SUN SIDE a 81 CORNER FACE.45 DEGREES OFF SUN
& 106 CORNER FACE.SATELLITE DARK SIDE 0 131 CORNER FACE.SATELLITE TOP SIDE-44

-52

-56

-60

-6U

-68 -

0 25 50 75 100 125 150 175 200 225 2
E TIME (MIN)
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WORST-CASE CORNER TEMPERATURE DISTRIBUTIONS -
CIRCULAR CORNER

Temperature responses for the retroreflector oriented toward the sun,
corresponding to the noted conditions, are shown. The summarized results are:

1. The average mounting ring-to-retroreflector temperature difference is
13 C.

2. The corner maximum axial temperature gradient is 1. 50 C.

3. The corner maximum radial temperature gradient is 0. 20 C.

4. Both the axial and radial temperature gradients are approximately constant
over the orbit duration.
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WORST CASE CORNER TEMPERATURE DISTRIBUTIONS

CIRCULAR CORNER.FRCE FLUSH WITH SURFRCEZ-93 COATING(.2/.9) .FULL SUN
LRGEOS 03 RUN DATE 04/04/7L

( 11 CORNER MOUNTING RING (D 25 CORNER TAB
-28 31 CORNER FACE.MIDOLE o 42 CORNER APEX-28

-32

I--.

-36

-52 25 50 75 100 125 150 175 200 225 250-
TIME (MIN)

BENDIX AEROSPACE SYSTEMS DIVISION
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SUMMARY OF CIRCULAR-FACED RETROREFLECTOR AND
Z-93 THERMAL CONTROL COATING

Maximum axial and radial temperature gradients are tabulated for five retro-reflectors mounted at various locations on the satellite. Temperature gradients shown
correspond to the circular-faced retroreflector, with the face flush with the satellitesurface and with Z-93 coating applied. The average maximum corner axial andradial temperature gradients are 1.55 and 0. 20oC, respectively. Maximum
temperature gradients are approximately the same for all corners.
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LAGEOS

SUMMARY OF THERMAL DESIGN ANALYSIS
CIRCULAR FACE RETROREFLECTOR, Z-93 THERMAL COATING*

Location Corner #1 Corner #2 Corner #3 Corner #4 Corner #5 Average
Normal to 160 Off-Sun 450 Off-Sun 1800 Off-Sun 900 Off-Sun

Sun

TAxia 1. 55 1. 53 1. 50 1. 58 1. 58 1.55
(oC)

Radial 0. 16 0. 19 0. 18 0.24 0.25 0.20
(o C)

* Z-93 THERMAL OPTICAL PROPERTIES =o(s/Iir = 0.2/0.9
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COMPARISON OF HEX AND CIRCULAR RETROREFLECTORS
(Z-93 THERMAL CONTROL COATING)

A direct comparison of thermal/optical performance for the hexagonal and
circular retroreflectors is presented. All environmental aspects are the same and
the only differences are the retroreflector configurations and their associated
mountinghardware. Maximum average axial temperature gradients for the hexagonal
and circular retroreflectors are 1.70 and 1. 550 C, respectively. Maximum average
radial temperature gradients for the hexagonal and circular retroreflectors are
0. 25 and 0. 20 C respectively. If the LAGEOS corner is assumed to perform the
same as a perfect -90 (ALSEP-type) retroreflector, based on ALSEP program data,
the relative central irradiance for the hexagonal and circular configurations would
be 70 and 78%, respectively. As described in a previous chart, relative central
irradiance is used here only as a means of comparing relative performance. The
actual effects of thermal gradients on LAGEOS performance parameters are to be
determined later in this Phase B program.
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LAG EOS

SUMMARY OF THERMAL DESIGN/ANALYSIS
Z-93 THERMAL CONTROL COATING

COMPARISON OF HEXAGONAL AND CIRCULAR CORNERS

CORNER
TYPE HEXAGONAL CIRCULAR

SAxial 1.70 1.55
(oC) 

_AT 0.25 0.20
(OC) Radial

RELATIVE CEN -
TRALIRRADIANCE* 70% 78%

* BASED ON PRELIMINARY ALSEP THERMAL/OPTICAL
PERFORMANCE ESTIMATES
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SELECTION OF THE RETROREFLECTOR CONFIGURATION -
THERMAL OPTICAL VIEWPOINT

The thermal analysis has shown the circular retroreflector to be approximately11% better optically than its hexagonal counterpart. However, the laser impingement
(frontface) area is about 10% larger for the hexagonal-faced retroreflector. It isbelieved that the superior optical performance of the circular-faced retroreflector may
be counter balanced, to some extent, by the greater laser impingement area of thehexagonal-faced retroiteflector. Considering all factors, there is little thermal/
optical performance difference between the two retroreflector configuration candidates.
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LAGEOS
SELECTION OF RETROREFLECTOR CONFIGURATION

FROM THERMAL/OPTICAL VIEWPOINT

1 1%* OPTICAL PERFORMANCE IMPROVEMENT FOR CIRCULAR
RETROREFLECTOR OVER THE HEXAGONAL RETROREFLECTOR.

FRONT FACE AREA FOR THE HEXAGONAL RETROREFLECTOR
IS APPROXIMATELY 10% LARGER THAN THAT FOR THE CIRCULAR
RETROREFLECTOR.

SUPERIOR THERMAL PERFORMANCE OF CIRCULAR RETRO-
REFLECTOR IS COUNTERB ALANCED BY INCREASED FACE AREA
OF HEXAGONAL RETROREFLECTOR.

THERE IS MINIMAL OPTICAL PERFORMANCE DIFFERENCE
BETWEEN THE HEXAGONAL AND CIRCULAR RETROREFLECTORS.
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CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations of the LAGEOS thermal design/analysis,as conducted to date, are:

1. On the basis of thermal/optical performance, the circular and hexagonalretroreflectors are approximately equivalent.

2. It is essential to,radiatively and conductively, decouple the retroreflector
from its mounting cavity to minimize temperature gradients.

3. Thermal control coatings which minimize the satellite core temperaturewill also minimize retroreflector temperature gradients. For thisreason, coatings/finishes having stable values of low solar absorptance
and high IR emittance are required for optimum performance.

O' 
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LAGEOS
CONCLUSIONS AND RECOMMENDATIONS

OPTICAL PERFORMANCE FOR THE CIRCULAR AND HEXAGONAL
RETROREFLECTORS ARE APPROXIMATELY EQUIVALENT.

LAGEOS OPTIMUM THERMAL DESIGN WILL RADIATIVELY AND
CONDUCTIVELY ISOLATE THE RETROREFLECTORS FROM THE
SATELLITE STRUCTURE.,

IDEAL THERMAL CONTROL COATINGS WILL POSSESS STABLE
PROPERTIES OF LOW SOLAR ABSORPTANCE AND HIGH IR
EMITTANCE.
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POTENTIAL THERMAL CONTROL COATINGS

Typical state-of-the-art passive thermal control coatings, which are suitablefor LAGEOS, are tabulated. The leading contenders appear to be LIT's Z-93 and
clear anodize, in that order. The advantages and disadvantages of each coatingare listed.
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LAGEOS
POTENTIAL THERMAL CONTROL COATINGS

THERMAL/OPTICAL
PROPERTIES

COATING/FINISH* (as/Eir) ADVANTAGES DISADVANTAGES

CLEAR SULFURIC INITIAL PROPERTIES UNSTABLE, as DEGRADESACID ANODIZE 0.52/0.86 ARE SATISFACTORY; TO 0.72 AFTER ONE YEAREASY TO APPLY. EXPOSURE TO UV.
GRIT BLASTED 0.46/0.30 STABLE THERMAL/ PROPERTIES ARE NOTOPTICAL PROPERTIES. OPTIMUM FOR LAGEOS.
VDA/SiO 0.15/0. 60 DESIRABLE PROPERTIES; DIFFICULT TO APPLY;

NO DEGRADATION. EXTREMELY FRAGILE.
ITT'S Z-93 0.2/0.9 DESIRABLE PROPERTIES; DIFFICULT TO APPLY AND

PREVIOUSLY FLOWN ON TO KEEP CLEAN.
ALSEP LR3 MISSIONS;
STABLE, as DEGRADES
TO 0. 30 AFTER ONE YEAR
EXPOSURE.

PORCELAIN/ENAMEL 0.26/0.85 DESIRABLE PROPERTIES; DIFFICULT TO APPLY,
STABLE. NO FLIGHT PERFORM-

ANCE DATA.

COMPATIBLE WITH 6061 -T6 ALUMINUM SUBSTRATE.
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FUTURE THERMAL DESIGN/ANALYSIS WORK

It is necessary that baseline thermal control coating characteristics be selectedfor the LAGEOS Phase B effort at this time. Further analysis effort can then be
conducted. Other areas of future thermal analysis effort to be performed are alsolisted.
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LAGEOS
FUTURE THERMAL DESIGN/ANALYSIS WORK

INVESTIGATE RECESSION OF RETROREFLECTOR INTO SATELLITE
STRUCTURE UP TO A DEPTH OF ONE CENTIMETER.

SELECT THERMAL CONTROL COATING(S) FOR LAGEOS AND
DETERMINE EFFECTS OF THERMAL/OPTICAL PROPERTY
DEGRADATION ON SATELLITE OPTICAL PERFORMANCE.

DEVELOP A TEST ITEM/CHAMBER THERMAL MATH MODEL TODETERMINE RETROREFLECTOR HEATING/COOLING RATES,
TEMPERATURE STABILIZATION TIMES, AND TEST ITEM
TEMPERATURE LEVELS.

PROVIDE ITEK WITH RETROREFLECTOR TEMPERATURE
DISTRIBUTIONS TO PERMIT OPTICAL PERFORMANCE PREDICTIONS.
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LAGEOS

STRUCTURAL/DYNAMIC DESIGN AND ANALYSIS

J. Maszatics

17 April 1974

Updated 1 June 1974
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This chart presents a brief description of the math model used for the structural
analyses of the LAGEOS hex-faced CCR/support clip assembly.
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STRUCTURAL ANALYSIS MATHEMATICAL MODEL OF A SINGLE
CCR/SUPPORT CLIP ASSEMBLY

. THIRTY-ONE (31) NODES

. THIRTEEN (13) SOLID ELEMENTS

. TWENTY-FOUR (24) BEAM ELEMENTS

. ONE PERCENT (1%) CRITICAL DAMPING

. TOTAL RESTRAINTS (BUILT-IN) AT NODES 29, 30, & 31

. NO MOMENTS NOR AXIAL LOADS AT NODES 14, 15 & 16

CCR - 13 SOLID ELEMENTS (TETRAHEDRONS)

- 9 RIGID-MASSLESS BEAMS

CLIP 15 BEAM ELEMENTS
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The following group of charts define the math-model for the LAGEOS structural analyses.
The Nodal Coordinate Table lists the rectilinear coordinates (in centimeters) of the 31math-model nodes. The origin of the coordinate system is at the CCR apex, with the x 3 -axisperpendicular to the CCR hex-face, the xZ-axis parallel to the hex-face and perpendicular to apair of sides on the hex-face, and the remaining xl-axis completing the triad.

The Tetrahedron Input Table locates the solid elements by listing the four nodes (by nodenumber) that are the four corners of each tetrahedron. Also, listed are the modulus of elasticity(gm/cmz), Poissons ratio, and the coefficient of thermal expansion (cm/cm/O ) for the tetra-hedron material (quartz).

The Material Property Table lists the modulus of elasticity (gm/cm2 ), Poissons ratio,
density (grn/cm3 ) and the coefficient of thermal expansion (cm/cm/oC) for all materials usedin the model.

Ln
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CDC/MRI STARDYNE MATHEMATICAL MODEL
FOR LAGEOS

M** NODAL COORDINATE TAeLE

NODE xi X2 X3

__NODES 1 . . . O.
NODES 2 -. 1900000E+01 0. ,1343500E*01N NODES . ..... 3 .950 OO0OE O 0 16454SOE 01 .13 4350GE,0 1NODES 4 .950 OOOOEo00 -.1645450E+01 .13 43500E,#01
MODES 5 0. -.2193930E+01 *2712010E+01NODES 6 -. 1900000E+01 -.1096970E+01 .271201E*O01NODES 7 -. 1900000E*01 1096970E+01 .27 1201 OE.01NODES a . *219393E+ . 27 120l10E*01NODES 9 .190060OE+01 *10969?GE+01 .2712010EO0
NODES O *9190000E*01 -.1096970E+01 .2712010E01NODES 11 *9500000EO0 *164545CE+,0 .27'12010 4 1NODES 12 .9536000E+00 "'1645450E+01 .271201 E0 1NODES 13 ,.190000OE*O 0. 2112010EO1NOODES 14 -.17S014OE+1 O. 207701OE* 1MODES 15 .8?50700E+O0 *1515670E+01 .20?7oIOE+01NODES 16 *8750700E+00 -.15156?OE+01 .2077010Eo01SNODES I --.- 196350E0 1 *0. . 7 010EO 1NODES 18 *9817500E0 00 004.40E*01 .207701C0E01100ES _ _19____ .gd9750DE+00 -.1?00440E+01 *23 7701 tOE, 01NODES 20 -." 1963500E*01 0. *1,140.0E.01_ NODES 21 9817500E+00 .1760440E+01 . 1414070E401NODES 22 .9817500E+00 -1700440E01 i.1414070E+0N. 3ES Z3 ... -. 1963500E+01 0. . 7511300E 0NODES 24 .

9
817500E+(O .7CO0440E+0o1 .7511300E+00-_.NOOs _2 .*981750 OE+O 0 -.17O0440E+01 *7511300E*00

NODES 26 -. 1963500E+O1 0. L8819000E-01MODES .. .27 - 981750 0E+ 0 1700440E+01 .8 19000E0 1NODES 28 *981700E+0 -.1700440E+0 1 8819000E-01-- ODES _ 29 _ - *-.1963500E+01 G *. -.5747500E#00NODES 30 .9817500E0+0 .170040E*Q0z -.5775 O0EO 0_.NOO _ 6__a .. .98175000 -. 7 17C044GE+01 -.9?00OE00

,, TETRAHEDRON INPtf TAeLE '@
0'

TETRA V'L. - VZ V3 V4 "' E FOI S ALPH A L'

1 2 .. 3 1 .717030E+09 .1? 0000E*0o *55L.460OE-06
2 3 4 12 .717000 E.*09 .lOU00 0E 0 .550CCO0E-06

.3 3 11 -12 .13 71 JO O L40 9 .170COO E*d *551000E-06
* 2 3 12 13 .IZOaEc+09 .1? 0kJOEf0 a SCGOOE-065 2 4 6 13 ., 717000 L+09 .170600 Et30 *55CJ00E-06b . S 6 12 .710?0E09 .100. ;O0 E O *5 0 0OE-16S... 6 .. 6 12 13 71?30O'E.0 9 ,1?OOO E+ JO .55L0JOE-Oba 3 2 8 11 11?0.:O t 0 , .iI03JE+ il .550u00E-069 2 . 7 a 13 *717-OOOE.+i9 .170 uOU E UOJ 55(JOOE-06O
LJd 2 13 11 a1?0QOjE+09 .17 OOOOE*)3 *553000E-0611 4 3 10 12 *71?J00E*9 * 17 EUE+JJ *55U00 0-06
12 3 9 10 11 .'71 ) LJE 9 . 1?i00E+00 EO 5 5*' .0 0E-06
13 .3 10 11 12 .7170J)E+09 .1700OOEO0 .550O00E-06

SATeRIAL PROPERTY TABLE. *'*

NO NAIIE E FOIS. RATIO DENSITY ALPHA

I .QUARTZ .*717000E09 .17000OE+oo .220000E+01 *550000E-06:2 LE CU *133600E+10 .330000E+00 *822000E+01 .167000E-04

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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The Beam Section Property Table lists the area (cm 2 ), torsional moment of inertia (cm 4 ),and both cross-sectional moments of inertia (cm 4 ) for each beam type used in the model.

The Beam Connectivity Table numbers each beam, defines its location by its end points(node numbers), defines its orientation (JC), lists the material and beam property by number,
lists the width, thickness (H2 and H3) and length (cm) of each beam, and re-iterates the section
properties given in the previous table. The 'pin code" retains (0) or releases (1) the capability
of beam ends to resist forces and moments. The "111100", at beams 1, 2, and 3, limits the
mounting pins to provide only lateral forces to restrain the motion of the CCR. This conditionis the closest approximation to the actual loading expected.

The Nodal Constraint Table lists the motion constraints,denoted by (1),imposed at certainnodes. Nodes 29, 30, and 31 are fully restrained-no translations nor rotations are allowed. Thesenodes represent the base of the support clip which is assumed to be "built-in".
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CDCT-MRI STARDYNE MATHEMATICAL MODEL FOR LAGEOS

.. * BEAN SECTION PROPERTY TABLE **

NO ... A J 12 13 SF2 SF3

I . 0000E-01 .46100UE-04 .231000E-04 .231300E- 04 -0. -0.
2 .565200E-01 .472000E-04 .582 0E-02 .lZ1500E-04 -0. -0.

S...... O ... ... o10000 *01 .luuuO uffoI .10OOdO.*01 -0. -0.

.. . ..... EA CONNECTIVITY TABLE Off

_NQ._ _JA O_ JC MAL 8PRP PIN H2 J LENGTH AREA J i2 I3 SF2 SF3NO NO CODE

BEAN 1 14 17 0 2 1 111100 1.470E-01 1.476E-01 2.134E-01 1.700E-02 4.610E-05 2.310E-05 2.310E-05-0. -0.BEAN 2. 15 18 0 2 1 111100 1.47LE-01 1.47E-01 2.134E-0 1.700E-02 4.lOE-05 2.310E-05 2.3JiE-05-0 *0.BEAN 3 16 19 0 2 1 111100 1.47TOE-01 1.47LE-01 2.134E*-01 1.70E-02 4 .0E-05 2.310E-05 2.310E-05-0. -0.
BEAN 4 20 1 . 2 2 040000 5.L50U-02 1.112E+06 6.629E-01 5.652E-02 4.720E-05 5.829E-03 1.215E-05-0. -0.BEAN 5 18 21 1 2 2 00J OO0 5.OE-Di 1.112E*00 6.629E-01 5.652E-02 4.,.20E-05 5.829E-03 1.215E-05-0. -0.BEAN J~ 19 22 1 2 2 0000uO 5.680E-02 1.112E*O 6b.629E-01 5.o52E-2 4.?iGE-05 5.829E-03 1.215E-05-0. -0,BEAN 7 14 2 0 1 J3 U00000-0. -0. 7.487E-01 0. 1.000E*00 1.000E+00 1.000E+00*0. -0.
BEAN 8 0 4 6 0 1 3 0JOOOJ-0* -0. 1.276E+00 0. 1.GOQE+00 1.00E00 1.00E400-0. -0.BEAN 9 14 7 3 1. 3 030003-0. -0. 1.276E0I 0i 1.OOE000 1.000E+00 1.000E00-0. -0.BEAN .. 10 15. 3 0 1 3 O00.ub-0. -0. 7.487E-Jl 0. 1.000000 1.00E00 1.000,00-0, -0.BEAN 11 15 S 0 1 3 00000J-0. -0. 1.276E400 0. 1.i0oE*00 1.000E+00 1.000E,00-0, -0,BEAN 12 15... 9 0 1 3 0 0000-3. -0. 1.276E+00 0. 1.b00E+00 1.000E+00 1.000E+00-0 -0,
SEAM 13 16 41 0 1 3 JOOuOO-J. -0* ?. OE-01 0. 1.0000E00 1.000E+00 1.000E000-0. -C.BEAN 14 16 5 0 1 00000-0 0 -0. 1.bE76200 0. 1.4C0OE* 40000 E 1. 000 1.OE40-0. -0.BEAN 15 lb 10 0 1 3 000000-0. -0. 1.2 76EE00 0. 1.t E400 1.0000 E*00 "1.000E0C-0. -0.dEA ... . 2 23 1 2 2 000000 5.080E-02 1.112 E*00 6.62E-01 5.652E-02 4.720E-05 5.829E-03 1.215E-05-0. -0.
BEAN 17 21 24 1 2 2 000003 5.080E-02 1.112*E00 6.629E-01 5.652E-02 4.720E-05 5.829E-03 1.215E-05-0. -0.BEAN 18 22 25 1 2 2 030000 5.080E-02 1.112E+00 6.629E-01 5.652E-02 4.Pt0E-05 5.829E-03 1.215E-05-0. -0.BEAN 19 23 26 1 2 2 OJO 005.080E-02 1.112E+00.6.624E-01 5.652E-02 4.720E-05 5.829E-03 1.215E-05-0. -0.BEAN _ 20 24 27 1 2 2 00000u 5.000-02 1.112E* 6.629E-01 5,652E-02 4.10EOE-05 5.829E-33 1.215E-05-0. -0.BEAN 2 21 25 28 1 2 2 2 0000000005.080E-02 1.112E00 6.629E-01 5.652E-02 4.720E-05 5.829E-03 1.215E-05-0. -0.BEAN .. 22 126 29._2___ 2 . 2 000030 5.08-E-02 1.11E+00 b.U29E-015.652002 4.720E-05 5o82")E-03 1o2150-05-O. -5.
BEAM 25 27 30 1 2 2 .000000 S.G8CE-02 1.112E+06 6.629E-01 5.652E-02 4. 20E-05 5.829E-03 1.215E-05-0. -.BEAN 24 28 31 1 2 2 000003 5.08CE-,e 1.112E00 6.629E-01 5.65E-02 4.120E-05 5.829E-03 1.215E-05-0. -0.

. .. . ' NODAL RESTRAINT TABLE *

NODE X1 X2 X3 X4 X5 X6

RESTRAINTS . 29 1 1 1 1
RESTRAINTS 30 1 1 1 1

:SOSTRAINTS 31 . 1. 1 1 1 1 1
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This chart, identified as Figure 1, is the front view (y- z plane) of the CCR/clip assy
math-model, showing the nodal locations.
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CDC/MRI STARDYNE MATHEMATICAL MODEL FOR LAGEOS
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This chart, identified as Figure 2, is the side view (X-Z plane) of the CCR/clip assymath model, showing the nodal locations.
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CDC/MRI STARDYNE MATHEMATICAL MODEL FOR LAGEOS
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This chart, identified as Figure 3, is the top view (X-Y plane) of the CCR/clip assy
math model, showing the nodal locations.
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CDC/MRI STARDYNE MATEHMATICAL MODEL FOR LAGEOS
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This chart, identified as Figure 4, is a rotated view of the CCR/clip assy math model,
showing the nodal locations.
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CDC/MRI STARDYNE MATHEMATICAL MODEL FOR LAGEOS
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This chart defines the specified (SOW and Study Plan Guidelines) sinusoidal and randomvibration environment used as the base (nodes 29, 30, and 31) input levels to the math modelfor the dynamic analyses.
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DYNAMIC ANALYSIS INPUTS

SINUSOIDAL VIBRATION INPUT (x, y, & z - Axes)

FREQ. RANGE (HZ) LEVEL (g - peak)

5 - 16 2.3

16 - 22 6.8

22 - 200 2.3

200 - 2000 5.0

RANDOM VIBRATION INPUT (x, y, & z - Axes)

FREQ. RANGE (HZ) LEVEL

20 - 300 + 3 db/oct.

300 - 2000 - 0. 05 g2/HZ

o, 71
o0



This chart lists the sinusoidal vibration analysis results for the MSFC-designed hex-faced
CCR/support clip assembly. Natural frequencies and maximum dynamic displacements are shownand compared with the allowable (cavity-limited) displacements. The CCR will exceed the allow-able displacement in the X- and Y- directions. The clip displacements are acceptable. Alsoshown are the maximum stress level and the corresponding margin of safety, which predictstructural failure. Failure stresses are predicted at the base of the clip and at the pins whichsupport the CCR.
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ANALYSIS RESULTS (0. 0508 cm x 1. 112 cm CLIP)

SINUSOIDAL RESPONSE - CCR

Input Natural Response Maximum AllowableAxis Freq. Axis Displacement Displacement

X 447 Hz X 0. 04 7 cm 0. 029 cm

Y 447 Y 0. 047 0. 029

Z 365 Z 0. 015 ---

SINUSOIDAL RESPONSE - CLIP

Input Natural Response Maximum AllowableAxis Freq. Axis Displacement Displacement

X 331 Hz X 0. 07 2 cm 0. 194 cm

Y 331 X-Y 0.063 0. 194

Z 365 X 0. 115 0. 194

Maximum Stress 71, 210, 000 gm/cm2

Yield Stress 
9, 140, 000

Margin of Safety 
Neg.
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This chart lists the random vibration analysis results for the MSFC-designed hex-facedCCR/support clip assembly. Maximum dynamic displacements are given and compared withallowable (cavity-limited) displacements. The allowables are not exceeded. Also shown arethe maximum stress level and the corresponding margin of safety, which are satisfactory.
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ANALYSIS RESULTS (0. 0508 cm x 1. 112 cm)

RANDOM RESPONSE - CCR

Input Response R -M-S Peak (3r) AllowableAxi s Axi s Displacement Displacement Displacement

X X 0. 0054 cm 0 . 0 16 cm 0. 0 2 9 cm

Y X - Y 0. 0053 0. 016 0. 02 9 cm
Z Z 0. 0028 0. 008

RANDOM RESPONSE - CLIP

Input Response R -M-S Peak (3r) AllowableAxis Axi s Displacement Displacement Displacement

X X 0. 0128 cm 0. 03 8 cm 0. 194 cm

Y X - Y 0. 0110 0. 033 0. 194

Z X 0. 0203 0. 061 0. 194

Maximum Stress (R-M-S) 506, 000 gm/cm2

Maximum Stress (peak - 3a) 1,520, 000
Yield Stress 9, 140, 000
Margin of Safety 

+3. 01
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This chart shows the results for a modified clip design. To demonstrate the design conceptfeasibility, the clip was modified to increase its stiffness. The cross-sectional dimension werechanged from 0. 0508 cm x 1. 112 cm to 0. 127 cm x 1. 6764 cm. The results of the sinusoidalanalysis are shown here. The dynamic displacements have been reduced significantly, relativeto the original design. Allowable displacements are more than twice maximum predicted dis-placements. Stresses were not computed.
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ANALYSIS RESULTS (0. 127 cm x 1. 6764 cm)

SINUSOIDAL RESPONSE - CCR

Input Natural Response Maximum Allowable
Axis Freq. Axis Displacement Displacement

X 1026 Hz X 0. 00057 cm 0. 029 cm

Y 1026 Y 0. 00056 0. 029

Z 1063 Z 0. 00099 -----

SINUSOIDAL RESPONSE - CLIP

Input Natural Response Maximum Allowable
Axis Freq. Axis Displacement Displacement

X 1026 Hz X 0. 012 cm 0. 029 cm

Y 1026 X-Y 0. 011 0. 029

Z 1063 X 0. 008 0.029
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This final chart lists the significant conclusions derived from the analysis. The hex-facedclip mount design concept is feasible, but will require' a stiffer support clip.
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CONCLUSIONS

1) CLIP DESIGN CONCEPT IS FEASIBLE

2) 0. 0508 cm (0. 020 in.) CLIP IS STRUCTURALLY INADEQUATE.

3) 0. 127 cm (0. 050 in.) CLIP IS COMPATIBLE WITH PRESENT HOLE
DIAMETER (4.445 cm).
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LAGEOS TEST PROGRAM STATUS
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TEST PROGRAM SUMMARY

The current LAGEOS Phase B test program consists of four (4) basic test efforts. These
tests and their objectives are defined in the Program Study Plan and are summarized to
provide a basis for understanding the descriptions of the test articles, test equipment and
test conditions which follow.
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LAGEOS TEST PROGRAM SUMMARY

TESTS OBJECTIVES

EARLY VIBRATION TESTS - VERIFY DYNAMIC CHARACTERISTICS OF SELECTED MOUNT
DESIGN FOR LAGEOS HEX-FACED RETROREFLECTOR AND
LAGEOS WORST-CASE DYNAMIC ENVIRONMENTS

EARLY THERMAL/OPTICAL TESTS - VERIFY TEST SET-UP

- OBTAIN OPTICAL PERFORMANCE DATA FOR ALSEP AND
GEOS-C RETROREFLECTORS

- EARLY EVALUATION OF SELECTED THERMAL DESIGN PARA-
METERS

FINAL THERMAL/OPTICAL TESTS - OBTAIN LAGEOS RETROREFLECTOR FAR-FIELD PATTERNS
AND PHOTOMETRIC MEASUREMENT OF RETURN BEAM FOR
ISOTHERMAL AND SIMULATED ORBITAL THERMAL CONDI-
TIONS (INCLUDING WORST-CASE) AND FOR VARIOUS LASER
INCIDENCE ANGLES. TESTS ARE RUN BEFORE AND AFTER
VIBRATION TESTS

FINAL VIBRATION TESTS - EXPOSE THE FINAL TEST ARTICLE TO LAGEOS WORST-
CASE DYNAMIC ENVIRONMENTS TO EVALUATE THE EFFECT
ON THERMAL/OPTICAL PERFORMANCE.
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OVERALL THERMAL/OPTICAL TEST ARRANGEMENT

The overall equipment arrangement, in and around the Bendix 4 x 8 vacuum chamber,
is shown for the early and final thermal/optical tests. The test article is mounted in
the thermal/optical test fixture, a rotary-linear manipulator. The test article will be
rotated to face the solar simulator (arc lamp) and earth IR simulators to achieve the
desired thermal conditions. A heat exchanger provides a temperature-controlled
liquid to the test fixture for additional thermal control of the test article. The test
article will then be rotated 1800 to face the Far-Field Diffraction Instrument, which
generates the laser beam and collects, displays, photographs and analyzes the diffraction
pattern of the return beam. Thermocouples are mounted on the test article and at
various places in the thermal/vacuum chamber. An optical (laser) window is mounted
in the chamber, at the FFDI end, to permit entrance and exit of the laser beam with
minimum beam degradation. Thermal control of this optical window is also provided to
minimize thermal distortion of the window.
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LAGEOS TEST ARTICLES - REQUIREMENTS

The requirements for the final test article were considered initially to establish the
overall configuration of both the early and final test articles and the requirements for
the thermal/optical test fixture design. These requirements are summarized in the
chart.

The selection of the 0. 25 inch cavity separation was made to ensure that the retro-
reflector/mount assembly would be exposed only to the specified satellite input environ-
ment and not be affected by conditions peculiar to the test article (i. e. not representative
of the actual complete satellite structure which is expected to have a transmissibility
of 1 to the retroreflector mount interfaces).

The requirements for the Early Test Article were then developed. The overall require-
ments are also summarized in the chart.
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LAGEOS TEST ARTICLES - REQUIREMENTS

FINAL TEST ARTICLE

- PROVIDE MOUNTING FOR 6 LAGEOS RETROREFLECTORS (GEOS-C TYPE OR ALSEP-TYPE)

- 3 X 2 PATTERN (TEST FIXTURE DESIGN, SOLAR BEAM DIAM., THERMAL INSTR. REQTS.)

- CAVITY SEPARATION - 0. 25 IN. (DYNAMIC TEST, LASER BEAM REQTS)

- TIE-DOWNS FOR VIB._ TEST & THERMAL/OPTICAL TEST

- MATERIAL: 6061-T6,OR EQUIV., ALUMINUM

- BACK SURFACE FLATNESS AND SURFACE FINISH FOR GOOD THERMAL CONTACT WITHTHERMAL/OPTICAL FIXTURE.

- FRONT FACE SIZED BY ALSEP-TYPE LAGEOS RETROREFLECTOR

- HEIGHT SIZED BY GEOS-TYPE LAGEOS RETROREFLECTOR

EARLY TEST ARTICLE

- SAME SIZE AS FINAL TEST ARTICLE (TEST FIXTURE INTERFACES)

- SAME CAVITY LOCATIONS

- VIBRATION TEST: ONE CAVITY UTILIZED

- THERMAL/OPTICAL TEST: FOUR CAVITIES UTILIZED; VIBRATION CAVITY COVERED

- DETAIL REQUIREMENTS: SEE NEXT CHART
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EARLY TEST ARTICLE - DETAIL REQUIREMENTS
The detail requirements for the Early Test Articles are tabulated in the chart. Itshould be noted that during the Early Vibration Test, a simulated retroreflector willbe mounted only in cavity A-1 and no retroreflectors will be in cavities B-i, B-2,C-1 and C-2. During the Early Thermal/optical Test, the cavity A-1 will be cappedover for thermal control reasons.
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TABLE I

Early Test Article Early Vibration
Applications Test Early Thermal/Optical Test

Cavity Desig. A-I A-i B-I B-2 C-1 C-2

Retroreflector

- Configuration LAGEOS Hex-Faced Capped ALSEP ALSEP GEOS-C GEOS-C
Over

- Type Aluminum Simulator N/A Flight Dummy Flight Flight
w/Accel. Installed (GFE) (GFE) (GFE) (GFE)(3 Pico-Min Accel.)

- Design TBD N/A PE Dwg PE Dwg APL Dwg APL Dwg
(Based on MSFC Dwg 100-2664 100-2664 7234-1076 7234-107650M 24466) (Rev A) (Rev A)

Mount

- Configuration LAGEOS Clip N/A LAGEOS LAGEOS GEOS-C GEOS-C
(Modified) Rings Rings Clip Clip

(GFE) (GFE) (GFE) (GFE)

- Design TBD N/A MSFC Dwg MSFC Dwg MSFC Dwg MSFC Dwg(Based on Dynamic 50OM 24459 50M 24459 5OM24467 50M24467Analysis Results) (Rev--) (Rev--)
Cavity

- Upper Dia 4.45 cm (1. 75 in.) N/A 4 . 7 6 cm 4.76 cm 4. 13cm 4 . 13 cm
(1.875 in.) (1.875 in.) (1.625 in.) (1.625 in.)

- Upper Depth As req'd for 1 mm N/A As req'd for
Recess of Retroreflector 1 mm Recess _

Front Face Retroreflector
Front Face

- Lower Dia N/A N/A 3.94 cm' 3.94 cm N/A N/A
S(1. 55 in.) (1. 55 in.)
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EARLY TEST ARTICLE - CONFIGURATION

The configuration of the Early Test Article is shown in this chart, a partially-completed
drawing for the test article panel. The lower left-hand cavity is A-I; the center two
are B-1 and B-Z and the right-hand pair are C-1 and C-2. The test article panel
is a 7.125 x 5 x Z.4-inch 6061-T6 aluminum block. The six holes provided for tie-down
to the thermal/optical test fixture and the vibration test fixture are also shown.
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FAR-FIELD DIFFRACTION INSTRUMENT (FFDI) REQUIREMENTS

The requirements for the FFDI, the primary test instrumentation for the thermal/opticaltests, are summarized. The measurement output of this instrument will be in three
forms, as shown. The detail requirements are specified in a Bendix Requirements
document which is the basis for the Zygo Corporation fabrication and test of the FFDI..The FFDI is being, procured as Bendix capital equipment.
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FAR-FIELD DIFFRACTION INSTRUMENT

The FFDI optical configuration is shown schematically in this chart. This configuration now
eliminates the multiple-reflection interference effects of a linearly-polarized output
and return beam, which was a problem in an earlier configuration. Either a linearly-
polarized or a circularly-polarized beam may be selected, by insertion of the appropriate
retardation plate.

The optical configuration has been breadboard tested at Zygo. Only the final retardation
plates remain to be received at Zygo; an initial set was breadboard tested but was
unacceptable for the final instrument.
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TEST FIXTURE REQUIREMENTS

The various test fixtures are listed and their requirements are summarized. The designs
for each will be described in later charts. The drawings for all, except the vibration test
fixture, have been released for fabrication.
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TEST FIXTURE REQUIREMENTS

THERMAL/OPTICAL TEST FIXTURE

* Support test article

* Test article positioning

* Thermal control for test article

* Test fixture thermal control & vacuum seal

OPTICAL WINDOW ASSEMBLY

* Support window at FFDI viewing port

* Limit window temperature gradients

* Vacuum seal

FFDI PLATFORM ASSEMBLY

* Support FFDI at chamber port

* Leveling & alignment with chamber & test article

VIBRATION TEST FIXTURE

* Use Thermal/Optical test article

* Transition plate to shaker tie-down

* Mounting for vibration control accelerometer
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THERMAL/OPTICAL TEST FIXTURE

The detail requirements for the thermal/optical test fixture are summarized. The fixture
provides support, orientation and thermal control for the test articles.
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THERMAL/OPTICAL TEST FIXTURE

* SUPPORT TEST ARTICLE AT CHAMBER CENTER LINE

* LINEAR MANIPULATION PLACES SELECTED RETROREFLECTOR ON FFDI AXIS

* 1800 ROTATION FOR VIEWING FFDI OR SOLAR RADIATION

* ROTARY INDEXING & VERNIER ORIENTATION OF SOLAR ANGLE AND FFDI READOUT

* TEST ARTICLE THERMAL CONTROL SHROUD WITH LIQUID LINES

* THERMAL CONTROL OF TEST FIXTURE

* SUPERINSULATION BLANKETING OF TEST ARTICLE AND TEST FIXTURE

* VACUUM SEAL AT CHAMBER PORT

* GUARD VACUUM FOR MANIPULATOR MECHANISM
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THERMAL/OPTICAL TEST FIXTURE - DESIGN

The overall assembly design of the thermal/optical test fixture is shown in the chart, a
reduction of one sheet of the drawings for the test fixture. The circular plate provides
for attachment to the 4 x 8 chamber port and for sealing of the fixture to the part. The
right end of the fixture shows the test article in place. The left end of the fixture is
outside of the chamber and provides for manipulation control and access to the feed line
tubing to the thermal control shroud at the test fixture location.
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THERMAL/OPTICAL TEST FIXTURE - ORIENTATION ADJUSTMENT DESIGN
The means for fine adjustment of the test fixture, and the test article, is shown in the chart.A reduction of the drawing which describes the hardware provided for this micrometer
adjustment is shown. Gross orientation control is provided by 100 incremental settings.
The micrometer adjustment hardware provides the means for fine adjustment betweenthese 10° increments.
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OPTICAL WINDOW ASSEMBLY

The drawing for fabrication and assembly of the optical window assembly iB shown in this
chart. The assembly supports the optical (laser) window and provides the seal at the window.A thermal control hood is provided on the assembly to shield the optical window from thecold wall and maintain the window in an isothermal condition. The hood will include a
heater and will be covered by multilayer insulation. The entire assembly will be mountedand sealed at the existing port in the end of the 4 x 8 chamber,opposite the chamber door.
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FFDI PLATFORM ASSEMBLY

The FFDI will be mounted on a platform assembly to provide a means for aligining the
FFDI laser beam with the test article target retroreflector on the chamber center-line.
Three screws are provided for adjustment purposes. The drawing for this assembly isshown in the chart.
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LAGEOS VIBRATION TEST FIXTURE

The chart summarizes the requirements for the design of the vibration test fixture. The
fixture provides a transition between the test article and the Bendix vibration test system.
Detail design and generation of the drawing for this fixture has not yet begun.

108



LAGEOS VIBRATION TEST FIXTURE

MATERIAL: ALUMINUM ALLOY (AVAILABLE STOCK)

SIZE: APPROX. 7 X 10 X 1 1/2

THREADED HOLES: TIE-DOWN OF TEST ARTICLE TO TEST FIXTURE;PATTERN
AS DEFINED IN TEST ARTICLE DWG.

COUNTER-BORED THRU-HOLES: TIE-DOWN OF TEST FIXTURE TO SHAKER HEAD
OR SLIP PLATE

PATTERN TO BE SELECTED FROM THREADED
HOLES ON SHAKER HEAD OR SLIP PLATE AND
TO BE CLEAR OF TEST ARTICLE TIE DOWN
HOLES.
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TEST EQUIPMENT AND EXPENDABLES

The chart summarizes the test equipment and expendable items required for the LAGEOS
test program. The three test fixtures, previously described, are also listed.,. The due
dates shown are the present schedule dates; the fabrication of the piece parts for these
fixtures have had to be off-loaded to outside shops,because of the current work load in the
Bendix manufacturing facility, and confirmed dates are not yet available.

All test equipment and expendables are presently available at the Plant 2 facility, with the
exception of the special fine-wire thermocouples required for instrumentation of the test
article, which are being procured.
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TEST EQUIPMENT AND EXPENDABLES

TEST FIXTURES

* Thermal/Optical Test Fixture Due in 4/26/74
* Window Feed-thru Assembly Due in 4/26/74
" FFDI Leveling Plate Due in 4/26/74

TEST EQUIPMENT

* T/V Chamber (4x8) Available *

* Solar Simulator (2) Available

* Radiometer Available

* Heat Exchanger Available*

* Data Acquisition System Available*

* Roughing Pump Available

* Power Control & Metering Available

* Optical Alignment Instrumentation Available*

* FFDI Support Table Available
* Earth IR Simulator Available

* Vibration Test System Available*

* Polaroid Camera Available*

* Vibration Instrumentation Available*

EXPENDABLES

* Test article thermocouples Due in 4/30/74
* Cryowall & fixture thermocouples In Stock

* Liquid Nitrogen In Stock

* Carbon Rods In Stock

* Magnetic tape In Stock

* Polaroid film In Stock

*By Schedule
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LAGEOS TEST PROGRAM - WORST CASE DYNAMIC ENVIRONMENT

The vibration environment presently defined for the LAGEOS satellite and planned
to be imposed on the Test Articles is shown in the chart. It can be seen that there
are two "open" items (TBD) in the chart for which inputs are required from MSFC.
These levels on those presently defined in the contract SOW and the Study Plan
guidelines.
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LAGEOS TEST PROGRAM
WORST-CASE DYNAMIC ENVIRONMENT

SINUSOIDAL VIBRATION (2 OCT/MIN) (THREE AXES - ONE SWEEP PER AXIS)

5-16 HZ 2.3 g-PEAK
16-22 6.8
22-100 2.3
100-200 TBD
200-2000 5.0 EQUIVALENT SHOCK ENVIRONMENT

RANDOM VIBRATION (DURATION: TBD) (THREE AXES)

20-300 HZ +3 dB/OCT.
300-2000 HZ 0. 05 G2 /HZ 9.8 GRMS
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EARLY THERMAL/OPTICAL TEST CONDITIONS

The test conditions currently defined in the Test Plan for the early thermal/
optical tests are shown in the chart. Optical performance will be measured on two
different retroreflector configurations, each in the orientation shown and at the laser
field angles indicated. These early tests are intended to provide a test set-up
checkout, obtain some performance data on the ALSEP and EOS-C retroreflectors to
provide an early indication of the behavior of the retroreflectors under these conditions
and to permit evaluation of the basic thermal conditions selected.

These are tentative selections and will be under review at Bendix prior to the
next update of the Test Plan. MSFC comments and suggestions are desired prior to
final selection for the Test Plan update.
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Early Thermal/Optical Test Conditions

Retroreflector Orientation Test Article Cold wall Laser
Test Parallel Perpendicular Pressure (Core) Temp. Solar Field LaserTet Test Type to Edge to Edge (Torr) Temp. (oC) (oC) Angle Angles Polarization

Isothermal/Ambient G A Ambient Ambient Ambient N/A A: -16o Linear

-100 in plane

00 of laser

+300 field anglesI

+45c

G: -20c

-10

2 Isothermal/Vacuum G A 1 x 10-6 Ambient Ambient N/A Same Same

3 Thermal/Vacuum G A I x 10-6 TBD3 Thermal/Vacuum G A x 0-6 (-30+ 15) -185 1 Sun Same Same
Est.

G = GEOS - C Retroreflector

A = ALSEP Retroreflectors
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LASER FIELD ANGLES - THERMAL/OPTICAL TESTS

This chart defines the laser field angles shown in the previous chart for
the early test program. It also applies to the following chart for the Final Test Pro-
gram. It is believed the angles selected provide the optimum amount of data and
will permit generation of performance curves as a function of laser field angle.
Three of the angles shown (-10, 0, -30) correspond to those for which optical
performance is being generated analytically, at Itek.
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LASER FIELD ANGLES - THERMAL/OPTICAL TESTS
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FINAL THERMAL/OPTICAL TEST CONDITIONS

This chart shows the present plan for test conditions in the Final Thermal/Optical Tests. It has been increased in scope from that originally proposed by
Bendix. The number of laser field angles for which data is being obtained has beenincreased from 6 to 8. As shown in the previous chart these are selected to providemore data points for a more accurate representation of performance versus laserfield angle. Tentative test article temperature is shown; the final level will beobtained from the thermal analysis task and is dependent on the satellite coatingcharacteristics selected. The range of solar angles selected should provide suffi-cient data on the effects of both retroreflected and "break-through" solar heating.

As in the previous chart, these are tentative selections and MSFC commentsand suggestions are solicited to supplement Bendix review inputs. The final
selections will be incorporated in the final Test Plan update.
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FINAL THERMAL/OPTICAL TEST CONDITIONS

Retroreflector Orientation Vacuum Chamber Total Laser ***
Parallel Perpendicular Chamber Test Article Cold wall Solar Field AnglesTest Description to Edge to Edge Pressure Temperature Temp. Angle Per Test

(Torr) (oC) (Oc)

1 Isothermal/Ambient A, B* A, B Ambient Ambient Ambient N/A 16**
2 Isothermal/Vacuum A B I x 106 Ambient Ambient N/A 83 Thermal/Vacuum A B x -6 TBD -185 1 sun 8

(-30 + 150C) - 450
4 Thermal/Vacuum A B I x 10 6  TBD -185 sun 8

(-30 + 15 0C) -20o
5 Thermal/Vacuum A B 1x 10- 6  TBD -185 1 sun 8

(-30 + 150C) Normal
6 Thermal/Vacuum A B I x 10- 6  TBD -185 I sun 8

(-30+ 150C) + 300
7 Thermal/Vacuum A .B 1 x 10-6  TBD -185 1 sun 8

(-30 + 150C) +600
8 Thermal/Vacuum A B I x 10-6  TBD -185 Simulated 8

(-30 + 150C) Earth IR
9 Thermal/Vacuum A B x 10-6  TBD -185 No 8

(-30 + 150C) Sun

Vibration Test

10 Isothermal/Vacuum A B 1 x 10-6 Ambient Ambient N/A 811 Lowest Optical A B I x 10 6  TBD -185 TBD 8
Return Thermal (-30 + 150C)
Test

A and B correspond to two reflectors and their orientation in the test article.
** Parallel to Edge: - 200, -10, 0; Perpendicular to Edge: -160, -10, 0, +300, +450.
** Laser Polarization: Linear, Orientation TBD.
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IrTern~al APPENDIX B Aeros ao
Memorandum

Date April 30, 1974 Letter No. LAGEOS- 8 A..,. A,l.. Ms,,:,,,,,

To Attendees

Fromn J. Brueger, Bendix LAGEOS Program Manager

s:,ect Bendix LAGEOS Program Review, Minutes

Reference: (a) Contract NAS 8-30658
(b) First Program Review - Bendix LAGEOS Phase B Program

LAGEOS - 17, on 17 and 18 April 1974

1. The subject meeting was conducted at Bendix Aerospace Systems
Division, Ann Arbor, Michigan on 17-18 April 1974. The attendees
are listed on the attached Table I. Copies of the vu-graphs in the
Bendix presentation and the MSFC presentation were provided as hand-
outs to all attendees. As required by the program contract (Reference
a), the Bendix data is being submitted separately as reference (b). The
MSFC handouts are included herein, as Attachment A.

2. The Program Review agenda reflects the scope of subject matter
covered in the presentations and technical discussions. The agenda
is shown in Table 2. On the basis of the data presented and the dis-
cussions related to the data, a number of agreements were reached
during the meeting. In addition, action items for MSFC, SAO and
Bendix were identified during the discussions.

3. The decisions made during the meeting discussion are summarized
as follows:

3. 1 LAGEOS Retroreflector Configuration

Decision: The circular-faced tab-mounted (ALSEP-type) retro-
reflector design was selected for the remaining thermal/optical
and dynamic analyses and tests in the Bendix LAGEOS Phase B
program.

Discussion: After presentation of the Bendix and MSFC results
of analysis and test efforts (see reference (b) and Appendix A),
the question of retroreflector configuration was discussed for
some time. During the discussions, SAO representatives indi-
cated that SAO satellite performance analysis had thus far only
considered the circular configuration and that the hex-configura-
tion mounted in circular cavities presented analytical modeling
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complexities, especially for off-axis viewing. In addition, SAOrepresentative, T. Hoffman, emphasized that the circular-faced
configuration had the advantage of considerable analytical, testand flight experience in its favor, which must be a considerationin the selection decision. SAO representative, D. Arnold,indicated that retroreflector-to-retroreflector consistency, inthe return beam performance of the retroreflectbrs, was
desirable for return data interpretation. Also, he indicated thata minor reduction in the number of retroreflectors on the satellite,such as may be realized by the effect of increased cavity diameterfor the circular-faced configuration, and minor reduction in
retroreflector face-area are acceptable. The SAO representativesre commended selection of the ALSEP-type configuration.

A list of advantages and disadvantages for each of the two con-figurations, with regard to several major areas of consideration,
was generated from the discussion inputs. This list is shown inTable 3. The conclusions reached from this comparison, assummarized by Mr. D. Bowden MSFC, was that neither con-figuration had significant advantages or disadvantages sufficientto eliminate one, or the other, from further consideration.

At the start of the second day of the review, J. Brueger, Bendix,presented the results and recommendations of a Bendix evalua-
tion of the two configurations, made after adjournment of the firstday's session. Since neither configuration could be clearly elim-inated on the basis of analysis and test data developed to date, the
goal of the evaluation was to look for "shades of grey" whichwould provide the basis for a selection. Bendix recommended
selection of the circular-faced (ALSEP-type) configuration onthe basis of the evaluation results summarized in Table 4.Mr. D. Bowden,MSFC, stated that MSFC concurred with therecommendation.

3. 2 LAGEOS Phase B Thermal/Optical and Vibration Tests

Decision: Delete the early thermal/optical and vibration tests,
including the early test article, and increase the scope of thefinal thermal/optical tests to obtain thermal/optical performance
for the six (6) LAGEOS retroreflectors to be fabricated forPhase B.
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Discussion: The preceding decision(in 3. l),which selected thecircular-faced retroreflector for the LAGEOS design to be analy-
zed and tested in the remainder of the program, reduces the
value of conducting early vibration tests on the hex-faced retro-reflector. Also, the thermal/optical tests planned for the early
test article, in which data was to be obtained for the ALSEP and
the GEOS-C retroreflectors, would provide data that is no longerof interest. The effort planned for the fabrication of the early
test article and the testing itself would be more effectively
applied in the program by extending the final thermal/optical
tests to obtain thermal/optical performance data for all six (6)available LAGEOS circular-faced retroreflectors. Based on
no design optimization being required for the MSFC-designed
mounting rings of the circular-faced retroreflector and earlier
availability of the LAGEOS retroreflector, it is expected that
the final thermal/optical tests could be started earlier than pre-
sently planned and be completed within the present schedule.

4. The Action Items resulting from the review are as follows:

4. 1 Thermal Analysis: Include an evaluation of the effects of reces-
sing the retroreflector (circular-faced on the Kel-F ring mount),
in the remaining parametric thermal analysis.

Action: Bendix

4. 2 Mounting Ring Design: Validate the design to ensure it integrates
with the existing circular-faced retroreflector design/hardware.
Update the design to include a retainer ring, above the upper
Kel-F ring, for thermal control purposes.

.Action: MSFC

4. 3 Satellite Design: Update the satellite design to incorporate the
circular-faced retroreflector and mount designs.

Action: MSFC

4. 4 Dielectric Beam-Splitter Effects: Verify that a dielectric beam
splitter in the optical test set-up has no unacceptable effect on
the far-field diffraction pattern.

Action: MSFC
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4. 5 Study Plan and Test Plan: Update, to reflect decisions on the
selection of the circular-faced retroreflector and the deletion
of the Early Tests.

Action: Bendix

4. 6 Study Plan and Test Plan: Provide inputs for the update of
these plans.

Action: MSFC

4. 7 Study Plan: Review the plan and determine if any changes
should be made.

Action: SAO

4. 8 Test Article Design: Revise the design to include thin walls
between cavities. Provide the rationale for the selection of
the Test Article design.

Action: Bendix

4. 9 Test Article Design: Provide cavity wall dimensions from the
results of the satellite design update for circular-faced retro-
reflectors.

Action: MSFC

4. 10 Satellite Thermal Coatings: Evaluate thermal coatings of
interest (Z-93, clear anodized aluminum, and bare aluminum)
to determine long-term degraded characteristics for incor-
poration in analysis and test.

Action: MSFC

4. 11 Test Article Coatings: Provide a decision on the requirement
for applying the actual candidate coating on the Test Article
for the Thermal/Optical Tests.

Action: MSFC

4. 12 Test Article Coatings: Provide the need date for the Test.
Article coating decision.

Action: Bendix

4. 13 Selection of Circular-Faced Retroreflectors: Document the
conclusions of the Review evaluation which are the basis for
selection of the circular-faced retroreflector.

Action: B'endix
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4. 14 Post-Vibration Test Mechanical Check: Consider a mechanical
check after the final vibration test to ensure no damage has re-sulted.

Action: Bendix

4. 15 Circular-Faced Retroreflector and Ring Mount Structural
Integrity: Provide rationale, from ALSEP analysis/test data,
for confidence in the structural integrity of the circular-faced
retroreflector and its ring mount in the LAGEOS application.

Action: Bendix

4. 16 Acoustic Environment: Provide rationale for not including
exposure to the LAGEOS acoustic environment in the Vibration
Test.

Action: Bendix

. In the presentation by Mr. James McBride, MSFC, the completeLAGEOS dynamic environment was defined, for test purposes.
Accordingly, it was agreed that this environment, shown in thehandout in Attachment A, would be incorporated in the Study Plan
Guidelines and in the Test Plan by Bendix.

LeEOS Program Manager
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Table 1

List of Attendees

Bendix LAGEOS Review
17-18 April 1974

Name Organization Tec. No.

Donald R. Bowden MSFC 453-2769
Bill Johnson NASA 453-2769
Byron Crider NASA-MSFC 453-2769
Jim McBride NASA-MSFC 453-1330
Lewis L. McNair NASA-MSFC 453-3490
David Arnold SAO 617-495-7481
Lynn Lewis BxA 313-665-7766 X560
Jim Zurasky NASA-MSFC 205-453-4702
John Harms BxA 313-665-7766 X
Jim Monroe BxA 313-665-7766 X
T. E. Hoffman SAO/Engrg. 617-495-7492
W. Lurie SAO - Geoastronomy 617-495-7485

Programs Mgr.

Ron Creel NASA-MSFC 205-453-3851
E. Granholm BxA 313-665-7766 X406
J. Maszatics BxA 313-665-7766 X722
Jim McNaughton BxA 313-665-7766 X553
John Brueger BxA 313-665-7766 X760
Gary Ballard BxA 313-665-7766 X255
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I AtiLE Z

LAGE OS PROGRAM REVIEW

APRIL 17-18, 1974

BENDIX AEROSPACE SYSTEMS DIVISION
ANN ARBOR, MICHIGAN

AGENDA

* INTRODUCTION 
J. BRUEGER, BXA

-THERMAL ANALYSIS

MSFC STATUS 
R. CREEL, MSFC

BENDIX RESULTS/RECOMMENDATIONS 
E. GRANHOLM, BXA* DYNAMIC ANALYSIS/TEST

MSFC STATUS 
J. McBRIDE, MSFC

BENDIX RESULTS/RECOMMENDATIONS 
J. MASZATICS, BXA* OPTICAL TESTS - MSFC STATUS 
J. ZURASKY, MSFC

SELECTION OF LAGEOS RETROREFLECTOR CONFIGURATION MSFC/BXA
FACILITIES TOUR J. MONROE, BXA

J. BRUEGER, BXAMSFC
* TEST PROGRAM STATUS

TEST PROGRAM SUMMARY 
J. BRUEGER, BXAOVERALL THERMAL/OPTICAL TEST ARRANGEMENT J. MONROE, BXATEST ARTICLES 
J. BRUEGER, BXAFAR-FIELD DIFFRACTION INSTRUMENT 
L. LEWIS, BXATEST FIXTURES & EQUIPMENT 
J. MONROE, BXA

THERMAL/OPTICAL TEST FIXTURE
OPTICAL WINDOW AND SHIELD ASSY
FFDI PLATFORM ASSY
VIBRATION TEST FIXTURE
TEST EQUIPMENT AND EXPENDABLES



AGENDA (CONTINUED)

TEST CONDITIONS J. BRUEGER, BXA

PROGRAM SCHEDULES/STATUS J. BRUEGER, BXA

STUDY PLAN REVIEW MSFC/BENDIX

CO



.Table 3

Retroreflector Trade-Off Considerations

H e x C C R . . . . . . .- . .. .- - - .Hex CCR CIRC CCRItem Advantage AdvantDisadvantage age Disadvantage
Thermal Mount Thermal Higher Confidence

Contact Pressure in Mount Conductance
Difficult to Control

Optical No Advantage to Either Approach .-

Structural Additional Effort ALSEP Experience;
(Mount) Required to Determine Test Results More

Optimum Design Predictable

Manufacturing Less Satellite More Satellite
Machining More SatelliteMachining

Satellit 
Requires BaselineDesign 
Revision

Cost CCR No Significant Differences
MTG
ASS Y

i - ---0-- 

_



Table 4

Retroreflector Evaluation Conclusions

Bendix Evaluation Conclusions: Select Circular (ALSEP-Type) Retro.
reflector

Thermal:

Circular (ALSEP) is best (by analysis results).Hex (GEOS-type) wll I
approach the circular retroreflector thermal performance, if opti-
mized; but no advantage is expected for this effort (i. e., do not ex -
pect to get better thermal performance from Hex).

Opt ic al:

Circular (ALSEP) is easier to analyze at SAO.
ALSEP optical analysis experience at Itek provides increased con-

fidence in data
Circular (ALSEP) has optical performance proven in the lunar

application (Apollo 11, 14 and 15 flights)
Test program.is required to provide comparative optical data of

Circular vs. Hex for LAGEOS.

Structural:

ALSEP experience in test and flight is applicable for confidence in
structural integrity.

Hex mount design requires additional design, analysis and test
effort to optimize design (for thermal and structural requirements).

Manufacturing:

ALSEP experience: existing drawings and procedures, while not
directly applicable, provide more confidence that unexpected
problems are not likely to arise, even though there are unique
LAGEOS requirements.

ALSEP design: proven tolerances and alignment integrity.
ALSEP installation in satellite is basically simpler; the optimized

hex corner/clip assembly may require additional tooling for instal-
lation in satellite.
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Satellite Design:

ALSEP and Hex are comparable in the ability to control retroreflectorapex location for center of mass control.

Costs:

ALSEP retroreflectors, mount hardware and assembly costs are
comparable to Hex.
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KfANILATION, MARSHALL SPACE FLIGHT CENTER NAw*,

R. CREEL
S&E-ASTN-PF LAGEOS THERMAL CONTROL AIe,

APRIL 17, 1974

INTRODUCTION

* BASIC OBJECTIVES

* USE RESULTS TO DEFINE TEST PROGRAM REQUIREMENTS

* BENDIX ANALYZING TRANSIENT SATELLITE THERMAL RESPONSE
AND AVERAGE CCR TEMPERATURES

* MSFC ANALYZING STEADY-STATE TEMPERATURE GRADIENTS
IN ONE DETAILED CCR

* COMMON ASSUMPTIONS

* 5900 KM ORBIT ALTITUDE, 900 INCLINATION

* SPIN RATE = 0.0 RPM (WORST CASE)

* SPIN AXIS ORIENTATION NOT FIXED

w-



RGANZATION: MARSHALL SPACE FLIGHT CENTER IA, R C
R. CREEL

S&E-ASTN-PF LAGEOS THERMAL ANALYSES ......

APRIL 17, 1974

RESULTS

* GRADIENTS (DEG. C) - WITH NO RECESSION,
-300C SATELLITE, NO IR HEATING

CAV 0.90 CAV .05

* AXIAL (APEX TO FRONT FACE) 3.10 1.29

* RADIAL (CENTER TO SIDE) 0.50 0.15

* MINIMIZE GRADIENTS BY

* RECESSION OF CCR'S

* LOWER SATELLITE TEMPERATURE

* LOWER CAVITY EMITTANCE

* INCREASE IR HEATING (CAN'T BE CONTROLLED)



GNZAON, MARSHALL SPACE FLIGHT CENTER NAMt
R. CREEL

S&E-ASTN-PF LAGEOS THERMAL ANALYSES R. CREEL

APRIL 17, 1974

3.5 1  LAGEOS - CORNER CUBE RETRO-REFLECTOR (CCR) AXIAL AND RADIAL TEMPERATURE GRADIENTS
(aT) VERSUS RECESSION DEPTH TO APERTURE DIAMETER RATIO (L/D)

SCAV =  05
3.0_

2.5- r

.o " °

S2.0

RTCAV 3 o0 c

RADIAL * NO IR -3

.5 cm 1.0 cm 1.5 cmo .o

0.0 0.05 0.10 0. 15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

D RATI

0. .u AXIAL:2 ~ S 030 Oj504005cl. N O I R 7 ..



NAME,

S [,^NPFR. CREEL
S&E-ASTN-PF LAGEOS THERMAL ANALYSES DA T  R E

APRIL 17, 1974

SATELLITE SURFACE OPTICAL PROPERTIES

* DESIRED PROPERTIES

* STABILITY OVER LONG LIFETIME

S-LOW SOLAR ABSORPTANCE, - s

* HIGH INFRARED EMITTANCE, fIR

* NO OUTGASSING OR DEGRADATION

* CANDIDATES SK s/IR

* ANODIZED ALUMINUM .57

* SANDBLASTED ALUMINUM 2.00

* PORCELAIN ENAMEL .25

* Z-93 PAINT .24

* PRELIMINARY CONCLUSIONS

* STABLE s/ f IR BELOW 1.0 IS QUESTIONABLE

* ANODIZED IS MOST PROMISING



GA O MARSHALL SPACE FLIGHT CENTER

S&E-ASTN- PF LAGEOS THERMAL ANALYSES. CREEL

APRIL 17, 1974

RECOMMENDED TEST VARIABLES

* RECESSION DEPTH

* CAVITY EMITTANCE

* SATELLITE TEMPERATURE

FUTURE EFFORTS

* GENERATE DETAILED THERMAL TRANSIENT MODEL

* -PREDICTIONS FOR TEST CONDITIONS

* SELECT RECESSION DEPTH

* SELECT SURFACE COATINGS



ORGANIZATION MARSIIALL SPACE FLIGHT CENTE--------

ASTRONAUTICS LABORATORY
SEE-ASTN-AD J E cRIDSE-ASTN-AD DYNAMIC QUALIFICATION CRITERIA DArl

SINE VIBRATION TEST - 3 AXES

5 - 16 HZ AT 2.3 G PEAK SWEEP RATE: 2 OCTAVES/MINUTE16 - 22 HZ AT 6.8 G PEAK
22 - 100 HZ AT 2.3 G PEAK

SHOCK TEST (SINE SWEEP) - 3 AXES

200 - 2,000 G AT 5 G PEAK SWEEP RATE: 2 OCTAVES/MINUTE

RANDOM VIBRATION TEST

20 - 300 HZ AT +3 dB/qCTAVE TEST DURATION: 2 MINUTES/AXIS
30 0 - 2,000 HZ AT 0.05 G /HZ

9.8 GRMS

ti



O2CAN.lATION, MAIRSHALL SPACE FLIGHT CENTER N4me,

ASTRONAUTICS LABORATORY J. E. C E
S&E-ASTN-AD EARLY DEVELOPMENT DYNAMIC TEST DA E

TEST SPECIMEN

SINGLE RETROREFLECTOR CUBE AND CLIP MOUNTED ON A FLAT PLATE (NO RECESS HOLE).

PURPOSE

-- TO DETERMINE THE NATURAL FREQUENCIES AND RESPONSE AMPLITUDES OF THE SPECIMEN.
-- TO DETERMINE IF THERE ARE POTENTIAL INTERFERENCE PROBLEMS BETWEEN THE RETROREFLECTOR
AND MOUNTING HOLE

TEST

-- -SPECIMEN WILL BE TESTED TO THE LAGEOS DYNAMIC QUALIFICATION CRITERIA.

-- TESTS WILL BE CONDUCTED WITH SCREW ONLY MOUNTING AND WITH SCREW AND WASHER MOUNTING.

blpc. rl f U (fc owte ism



ORGANIZAIION. MARSHALL SPACE FLIGHT CENTER NAM,

J. ZURASKYS&E-ASTR-R PO LAGEOS-- A.

APRIL 17, 1974

IN-HOUSE TASKS

0 RETURN BEAM AS A FUNCTION OF
* INCIDENT ANGLE
* RECESS DEPTH
* POLARIZATION

o SUPPLEMENT SMITHSONIAN CALCULATIONS
* FAR-FIELD DIFFRACTION PATTERNS
* PHOTO-ELECTRON RETURN AS A FUNCTION OF

* ALTITUDE
* ORIENTATION.

* BAKER-NUNN IMAGERY

Ifull



ORGANIZATION, MARSHALL SPACE FLIGHT CENTER .

J. ZURASKYS&E-ASTR-R PO LAGEOS ,. ...
APR IL 17, 1974

IN-HOUSE CORNER CUBE ANALYSIS

TASK MARCH APRIL MAY JUNE

RECEIVED CORNER CUBES

DEFINE EXPERIMENT

THEORETICAL MODELING

BU I LD EQU I PMENT

ALIGNMENT AND CALI BRATION

MEASUREMENTS OF CUBE l-

MEASUREMENTS OF CUBE #2

DATA REDUCTION AND ANALYSIS

I- o~ aEc QL )



ORGANIIATION, MARSHALL SPACE FLIGHT CENTER NAME.

J. ZURASKYS&E-ASTR-R PO LAGEOS J K-.
A PR I L 17, 1974

FAR FIELD DIFFRACTION TEST APPARATUS

BEAM
SPLITTER _ COLLIMATOR SPATIAL

FILTER LASER

CCR FOCUS
LENS

TELESCOPE

MICROSCOPE

FOLD
MIRROR CAMERA ,

PHOTOMETER

N",



Internal APPENDIX C Bendix 4 Aorospace
Systems D v 'u!~.

Memorandum

Date 15 July 1974 Letter No. LAGEOS - 38 Ann Arbor. Michil..n

To J. Brueger

From E. Granholm

Subject LAGEOS, Thermal Analysis of Recessed Retroreflector

Reference: LAGEOS-24, "LAGEOS Thermal Optical Test, Retroreflector
and Mount Thermal Performance, " dated 30 May 1974.

The objective of this analysis is to determi ne the amount of retroreflector
thermal performance improvement which can be achieved by recessing the
corner within its cavity. The retroreflector/cavity mathematical model

(Reference) used to predict thermal performance for the 1. O0 mm corner

face recession was modified to analyze a recession depth of 1. 0 cm. The

retroreflector and associated mount were evaluated for various solar and

IR heating conditions. Thermal finishes/coatings of bare, machined

aluminum and Z-93 were also considered.

A direct thermal performance comparison between the 1. O0 mm and 1. 0 cm

recessed retroreflectors is presented in Table 1. The maximum radial

and axial corner temperature gradients are 0. 9 and 1.4°C, respectively

for the bare aluminum finish, sun/no IR environment and the 1. O0 cm

recession depth case. The gradients are reduced approximately 25% from

their corresponding previous levels of 1.3 and 1.9*C, respectively for

1. 0 mm recession. The other cases shown in Table 1 also indicate a

reduction in axial and radial gradients attributed to the 1. O0 cm recession.

However, previous studies conductedby MSFC showed that for a 1. 0 cm

recession (L/D Q 25%) the strength of the LAGEOS satellite optical re-

turn could be reduced by 30%. Therefore, the extent of optical perfor-

mance improvement due to reduction of retroreflector temperature

gradients must be traded-off against optical performance degradation due

to obscuration.

E. Granholm
D. Fithian J. Maszatic s

K. Hsi J. Monroe

S. Krajewski J. McNaughton

L. Lewis
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TABLE 1

THERMAL PERFORMANCE FOR RECESSED RETROREFLECTORS

Retro Lower Upper Retainer
Environmental Recess Cavity Face Ring Ring RingCondition Dt Temp Temp Temp Temp _ Temp A Taxial ATradial

No Sun, NoIR 1 . 0 cm +30 0 C - 7.2oC 29.8*C 14.7oC 14.6*C 1.20 C  0. 8C
(Bare. 0 mm +300C -20. 90C 29. 8C 12. 4C 12. 40C I. 60C 1. 10 C

Sun, NoIR 1.0 cm +30 0 C 18.3 0 C 30. 10C 52.50C 52. 70C 1.40C  0.9°C(Bare AL) 0.. ..
1.0 mm +30*C 2. 80C 30.1 C 51. 10C 51.30C 1.90C 1.3*C

No Sun, IR 1 .0 cm +30 0 C 2.10C 29.90C 17. 7C 17.7oC 0.90 C  0.6 "C
S1.0 mm +30°C -12. 1C 29.80C 14. 9C 14.9°C 1.4C 0. 90oc

No Sun, No IR 1. 0 dm -300C -60. 6*C -30. 20 C -54. 40 C -54. 5C 0. 5C . 3(Z-93) 0 , . 30C
1.0 mm -30°C -69. OC -30. 2*C -48. 4C -48.90 C  0.7oC 0. 5 C

Sun, No IR 1.0 cm -30 0 C -37. 90C -30. 0oC -33. 70C -33.7o C  0.7°C0Q 0. oC1. 0 mm -30 0 C -46. 9aC -30. 00C -26. 40 C -26. 30C I. 00C 0.4 OC

No Sun, IR 1.0 cm -30 0 C -45. 7C -30. 10 C -47. 50 C -47. 6 C  0.2C 0. 1'C
1. O mm -30 0 C -53. 7°C -30. 14C -42. 3°C -43. 3°C 0.40C 0. 3'C

302 0 - 0
-4-0.P



APPENDIX D Aerospace
Memorandum Syqtenms Division

Date 28 May 1974 Letter No. 74 -520-215 Ann Arbor. Michigan

To Distribution LAGEOS-23

From E. Granholm

Subject LAGEOS Thermal/Optical Analysis, Maximum Retroreflector
Temperature Gradients

Reference: LAG-3 (Rev A), "LAGEOS Thermal/Optical Analysis Statement of
Work", dated 26 April 1974.

A thermal analysis was performed to determine the LAGEOS retroreflector
maximum axial and radial temperature gradients. The enclosed information
is to be used by Itek for the generation of optical performance data as specified
by Paragraph 2. 3 of the referenced document.

Boundary conditions assumed in the analysis reflect the 4 x 8 foot chamber
thermal environment which is defined by Table 1 below. The levels presented
will promote maximum temperature gradients in the retroflector.

Table 1

Retroreflector Thermal Analysis Environmental Conditions

Condition Level

Pressure 1 x 10 - 6 torr
Cryowall -185 0 C
Retroreflector Cavity Temperature 306C
Retroreflector/Cryowall View Factor 1. 00
Solar and IR Input -Full solar, no IR

For a 30*C cavity temperature the retroreflector face and apex temperature
levels are 2. 8 and 4. 7C respectively. The corresponding axial tempera-
ture gradient of 1. 9*C is shown in Figure 1.

Radial temperature gradients through the retroreflector at various levels
are given in Figure 2. The corner tab and face center temperatures are

4. 1 and 2. 8*C, respectively (1.3 *C gradient). Radial temperature gradients
are maximum at the corner face and progressively decrease at each receding
level.

D-l



28 May 1974
Page 2

Optical performance results calculated by using Figure 1 and 2 temperature
gradients will be compared with FFDI measurements obtained during thermal
vacuum testing. Correlation of data will give a level of confidence that orbital
optical performance for LAGEOS can be accurately predicted.

E. Granholm

Distribution:
J. Brueger
D. Fithian
L. Lewis
J. McNaughton
J. Maszatics
J. Monroe
J. Riley
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Memorandum APPENDIX E SysAtos Divisio

'"' 30 May 1974 ote,. r No. LAGEOS-Z4 A,i, AIt.,. M,0111 ..$

To J. Brueger

From E. Granholm

Subject LAGEOS Thermal/Optical Test, Retroreflector and Mount Thermal
Performance

Reference: MSFC Drawing Number 50M23161, "Corner Cube Mount Assembly",
Rev. A, dated 24 April 1974

Introduction:

A detailed thermal analysis was performed on the reference retroreflector
and mount designs supplied by MSFC. The 4 x 8 foot T/V chamber and
Genarco carbon arc lamp constituted the simulated space environment
imposed on the mount assembly. The satellite conductive and radiative
heat transfer interface was simulated by a 6061-T6 aluminum mounting
cavity which was temperature controlled.

The retroreflector and associated mount were thermally analyzed for
various solar and IR heating conditions. The objective of the analysis
is to determine the thermal environment which causes maximum
retroreflector temperature perturbation and to define the corresponding
corner axial and radial temperature gradients. The resulting thermal
data will be used in optical analyses to be conducted which will predict
the lower-limit r etror eflector performance.

Summary:

Results of the retroreflector mount assembly thermal analysis for the
T/V test conditions indicate that the full sun, no IR environment
coupled with the +30*C cavity temperature promote upper-bound tem-
perature gradients in the corner. The 30*C cavity temperature was
estimated based on an exterior satellite surface of bare machined
aluminum. For the above conditions the retroreflector face and apex
temperatures are Z.8 and 4.7*C, respectively (a 1.9*C axial tem-
perature gradient). Since the corner tab temperature is 4.1* C, the
maximum radial gradient is 1. 3 C.

E-1



30 May 1974

Page 2

Analysis:

The following assumptions were made for purposes of thermal analysis:

1. The configuration of the retroreflector mount assembly was as
described by the referenced MSFC drawing. Details of the mount
are shown in Figure 1.

2. A +30*C cavity temperature corresponded to a satellite exterior
surface of bare, machined aluminum (a/E = .37/.05).

3. A -30*C cavity temperature corresponded to a satellite exterior
surface of HIT's Z-93 thermal control coating (a/E = .2/.9).

4. The cavity IR emittance was assumed to be 0.05.

5. A 0.08 mm gap existed between the retroreflector tab and the
upper Kel "F" ring. The retroreflector rested on the lower
ring.

6. The chamber pressure and cryowall temperature were 1 x 10-6
torr and -185*C, respectively.

7. The retroreflector face/cryowall wall view factor was 100%.

8. The incident solar constant was 1397 watts/m 2 .

9. The incident maximum IR heat load was 66.5 watts/m 2 .

In general, thermal/mechanical properties of the mounting rings, re-
tainer ring and retroreflector were selected to yield upper-bound
temperature gradients in the corner. A steady-state thermal model
was used to generate retroreflector and mount assembly temperature
levels.

E-2



30 May 1974

Page 3

Results:

Results showing thermal performance of the corner cube mount
assembly for six thermal/vacuum test conditionp are presented in
Table 1. The environmental condition of full sun with no IR coupled
with a 30*C cavity temperature (Case 1) promotes maximum axial
and radial temperature gradients of 1.9 and ,1. 3 C, respectively.
For the same environment but at a lower cavity temperature of
-30*C (Case 2) the corresponding gradients are reduced to 1.0*C
and 0.4*C, respectively.

For the no sun, no IR conditions (Cases 3 and 4) axial temperature
gradients are slightly reduced when compared to the corresponding
solar Cases I and 2. Corner radial temperature gradients remain
approximately unchanged for the solar and non solar conditions.
Cases 5 and 6 show that the lowest corner temperature gradients
result when the corner cube assembly is exposed to one equivalent
earth IR input with no solar heat load.

Conclusions:

Thermal performance for the corner cube mount assembly as shown
in Table 1 indicates that as cavity temperature decreases retroreflector
temperature gradients also decrease. Thermal coatings having low
solar absorptance and high IR emittance values should therefore be
applied to the satellite exterior surface to minimize retroreflector
temperature gradients.

Case I thermal conditions induce maximum axial and radial temperature
gradients in the retroreflector. An optical analysis incorporating Case 1
temperature gradients will predict the retroreflector lower-limit per-
formance level.

E. Granholm

cc: D. Fithian J. McNaughton
L. Lewis J. Monroe
J. Maszatics
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Attachment to LAGEOS 24
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Table 1

Retroreflector and Mount T/V Test Thermal Performance

Retro Lower Upper RetainerCavity Face Kel F Ring Kel F Ring Ring Retro RetroCase Condition Temp Temp Temp Temp Temp AT Axial AT Radial
1 Sun, No IR +300C 2.8 0 C 30. 1C 51.1 C 51.3*C 1.90C 1.30C2 Sun, NoIR -30°C -46.90C -30. OC -Z6.4*C -26.30C 1.C 0.403 No Sun, No IR +30C -20.9 0 C 2 9.8*C 12.4C 1Z.4 0 C 1.60 C .10 C
4 No Sun, No IR -30*C -69.0OC -30.2C -48.4C -48.9C 0.70 C  0.50C
5 IR, No Sun +30C -12.1*C 29. 8C 14.9C 14.90C 1.4C 0.9C
6 IR, No Sun -30 0 C -53.7 0 C -30.1C -42.3C -43. 3C 0.4*C 0.30C

NOTES:

1. All T/V testing is to be conducted in 4 x 8 ft chamber.
2. Cavity Temperatures :

a. +300C corresponds to bare, machined aluminum retainer ring and satellite exteriorsurface (estimated).
b. -30°C corresponds to IIT's Z-93 thermal coating applied to exterior surfaces ofretainer ring and satellite (estimated).



Internal AerAE IFce
MemorandumAPPENDIX F Systems DivisionMemorandum

Date 10 June 1974 Letter No. LAGEOS-29 Ann Arbor, Michigan

To J. Brueger

From E. Granholm

Subject LAGEOS, Transmission of Retroreflector Temperature
Gradient Data to Itek

Reference: LAGEOS-27, "Optical Analysis Plan Summary", dated 3 June 1974

This memorandum presents the entire set of retroreflector temperature
gradient data specified by the referenced document, The information is
to be used by Itek for the analytical generation of retroreflector optical
performance levels.

The enclosed retroreflector temperature gradient plots (Figures 1-8)
are consistent with the cases called out by the analysis plan. The
case number; description, differential temperature data, and the
applicable Figure are tabulated below:

&T &-r Applicable
Case Description Axial, C Radial,*C Figure(s)

2. 3. a. 1 Z93 coating on retrainer ring, 1. 0 0.4 Fig. 1 & 2
-30o cavity, full sun, no IR

2. 3. a. 2 Estimated maximum retroreflector 3. 5 2. 0 Fig. 3 & 4
temp. gradients

2. 5. a Unit axial temperature gradient 2. 0 0 Figure 5

2. 5. b Unit radial temperature gradient 0 2. 0 Figure 6

2. 3. b 2 Bare machined aluminum retainer 1.9 1.3 Fig. 7 & 8
2. 4. b. 2 J ring, +30 0 C cavity, full sun, no IR

The above data was transmitted to Itek on the following dates:

Figure(s) Date Transmitted

1 - 4 3 June 1974 (Air Mail)
5 - 6 7 June 1974 (Telefax)
7 - 8 28 May 1974 (Air Mail)
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As of 7 June 1974 M. Kahan (Itek) had confirmed the receipt of the entire
set of retroreflector temperature gradient data. The arrival dates at
Itek complied with the LAGEOS Program schedule.

E. Granholmrn

EG:b

cc: D. Fithian
S. Krajewski
L. Lewis
J. Maszatics
J. Monroe
J. McNaughton
J. Riley

Attachments
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Internal APPENDIX G Bendix A emsAe ceSystems Division
Me m orand u m AE

Date 10 June 1974 Letter No. LAGEOS-30 Annr Arbor. Michigan

ToJ. Brueger

FromE. Granholm

SubjectLAGEOS Thermal/Optical Test, Summary of Thermal
Analysis Results

Reference: LAGEOS-24, "LAGEOS Thermal/Optical Test, Retroreflector and Mount
Thermal Performance", dated 30 May 1974.

This memorandum presents a complete set of retroreflector and mount
temperature predictions for the subject test. The results are shown in

Table 1 which lists case number, condition, various temperatures, and

retroreflector axial and radial temperature differences.

Cases 1 through 6 were previously documented in the referenced
memorandum. The +300C cavity temperature corresponds to a bare
machined aluminum retainer ring and satellite exterior surface. The
-30 0 C cavity temperature reflects application of IIT's Z-93 thermal coating
on the retainer ring and satellite exterior surfaces.

Cases 7 through 12 were run to determine retroreflector and mount temper-
ature levels which are pecular to the T/V test conditions. As stated above,
bare machined aluminum and Z-93 induce high and low satellite cavity

temperatures. Therefore from an orbital performance standpoint, the
thermal results of cases 7 through 12 are not significant and are for general
information purposes.

Case 13 was run to assure that the one sun, no IR radiation environment
promotes maximum retroreflector temperature gradients. When a comperison
to case 1 is made, both gradients for case 13 are lower. Therefore, the full
sun, no IR environment represents the worst case thermal environment.

E. Granholm

EG:U

cc: D. Fithian J. Maszatics
S. Krajewski J. Monroe
L. Lewis J. McNaughton
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TABLE 1

LAGEOS Thermal/Vacuum Test, Retrorefleotor and Mount Thermal Performance

Retro Lower pper Retainer
Cavity Face Kel F Ring Kel F Ring Ring Retro RetroCase Condition Temp Temp Temp Temp Temp. 4T Axial &T Radial

I Sun, No IR, Bare Al +300C Z. 80 C 30. 10C 51. oC 51. 30C I. 90C 1. 300
2 Sun,. No IR, Z-93 -300C -46.9oC -30.0 0 C -26.4 0 C -26. 30C 1.0 0 C 0.400

3 No Sun, No-IR, Bare Al +300C -20. 90C 29. 80C .12. 40C 12.40C 1. 60C 1. 10 C
4 No Sun, No IR, Z-93 -30°C -69.0 C -30,2C 4 -48.40C 48. 9oC 0.70C 0. 50C
5 IR, No Sun, Bare Al +300C -12. 10C 29. 80C 14. 90C 14. 90C 1. 40C 0. 90 )
6 IR, No Sun, Z-93 ' -30C -53. 70 C -30. 10C -42. 30C -43. 3C 0.4C 0. 30C
7 Sun, No'IR, Z-93 +300C -11. 70C 29. 80C 12. 20C 12.2 C 1. 90C 0. 80C
8 Sun, No IR, Bare Al -300C -34.70C -29.8OC 6.90C 7.20C 1.00C 0.60C

9 No Sun, No IR, Z-93 +3000C -27. 4C 29.70C -6. 3oC -6. 4C 1. 6C 0. 90C
10 No Sun, No IR, Bare Al -300 -65.40C -30. 10C -38. 20 C -38. 2 0C 0. 60C 0.50C
11 IR, No Sun, Z-93 +3000C -17.20C 29.70C -0. 80C . -0.90C 1.40C 0. 80 C
12 IR, No Sun, Bare Al -300C -51.70C -30.1 C -35.5C -35.500 0.40C 0.30
13 Sun, IR, Bare Al +30't 9. 90C 30. 10C 53.0C 53.3oC 1.60C 1. 0O

NOTES:

1. .MSFC mounting rings are hard mounted to cavity shotilder.
2. Retroreflector tab/ring mount gap = 0. 003 inches.



Internal APPENDIX H Aerospace
Memorandumem Division

Date 27 June 1974 Letter No. LAGEOS-33 Ann Arbor. Michigoan

To J. Brueger

From E. Granholm

Subject LAGEOS Thermal/Optical Test, Test Item Temperature
Stabilization and FFDI Viewing Time Criteria

Reference: Memo LAGEOS-30, "LAGEOS Thermal Optical Test, Summary of
Thermal Analysis Results", dated 10 June 1974

Introduction

A detailed thermal analysis was conducted to determine temperature
stabilization and maximum allowable far field diffraction instrument
(FFDI) evaluation time criteria for the LAGEOS test item. Most of
the thermal/optical test time will be consumed by lengthly temperature
stabilization periods which must be defined before an accurate test time
line can be generated. Results of the analysis will be used to
schedule manpower for test coverage, to procure consumable test
materials, and for planning purposes.

Summary

The results of the subject thermal analysis indicate the following:

1. The test item temperature stabilization period after changing the
chamber environmental conditions will be four (4) hours.

2. The maximum allowable time for FFDI optical evaluation of the
test item will be four (4) minutes.

3. The time necessary for test item temperature re-stabilization after
FFDI evaluation will be one (1) hour.

Analysis

The thermal math model used to generate steady-state temperature
levels presented in the referenced memorandum was converted to predict
the test item temperature response in the thermal/vacuum chamber. The
thermal analysis assumptions pertaining to all cases were as follows:

1) The retroreflector and mount configuration was that described in
MSFC DWG #50M23161, "Corner Cube Mount Assembly", Rev. A,
dated 24 April 1974.
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2) The cavity and retainer ring IR emittances were 0. 05.

3) The retainer ring solar absorptance was 0. 37.

4) A 0. 08 mm gap was present between the retroreflector tab and
the Kel "F" mounting rings.

5) The chamber temperature and pressure were -185oC and 5 x 10 - 6

torr, respectively.

6) The test item/chamber cryowall view factor was 100%.

Results

To determine the maximum time necessary for temperature stabilization
after changing chamber environment conditions, the test item was
assumed to be initially at 250C. The retroreflector cavity structure
was then lowered to -300C in 30 minutes and the test item viewed
a cryowall temperature of -1850C. Table 1 presents the resulting
retroreflector temperature responses and gradients for the chamber
cool-down period. At approximately 200 minutes after the initiation of
cool-down, the retroreflector radial and axial temperature gradients
have stabilized to the nearest 0. 10 C of their final levels of 0. 50 and
0. 66oC, respectively. At 240 minutes, the rate of temperature change
for the retroreflector is within the standard temperature stabilization
criterionof 20C/ hr used in thermal/vacuum testing.

Table 2 shows retroreflector temperature responses and gradients for
the interval when the test item is being optically evaluated by the FFDI.
The test item is assumed to be stabilized with one sun norinal to the
retroreflector face and with a cavity temperature of 300C. At the end
of 4. 0 minutes of FFDI viewing,the original retroreflector radial and
axial temperature gradients of 1. 28 and 1. 890C have degraded to
1. 090C (15%) and 1. 960C (4%), respectively. At 8. 0 minutes the
original axial and radial gradients have degraded to 0. 950C (26%)
and 2. 070C (10%) which is felt to be unacceptable.

Test item temperature levels after 4. 0 minutes of FFDI viewing were
selected as the initial temperatures for the re-stabilization period. At
the beginning of re-stabilization, the test item was illuminated with
one normal sun and the cavity temperature was maintained at 300C.
Table 3 contains the associated retroreflector temperature response.
At 20 minutes from the initiation of re-stabilization, the retroreflector
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radial and axial temperature gradients are within 0. 020C of their
original gradients. At 60 minutes, the retrpreflector temperatures
are approximately 0. 50C from their steady-state levels.

Conclusions

The LAGEOS thermal/optical test temperature stabilization and FFDI
viewing times are contained in the summary section of this memorandum.
The durations specified will yield achurate thermal/optical performance
data while maintaining the total test time at a minimum.

e.-a
E. Granholm

EG:b

cc: D. Fithian
K. Hsi
S. Krajewski
L. Lewis
J. Maszatics
J. Monroe
J. McNaughton
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TABLE 1

LAGEOS THERMAL/OPTICAL ,TEST
RETROREFLECTOR TEMPERATURE RESPONSE

CHAMBER COOL DOWN

Time TTab TFace TApex 6TRadial ATAxial
Mm) (OC) (0o) (0 C) (0 C) (DC)

0 25.00 25.00 25.00 0 015 6,12 6.25 8. 6 0.13 2.4130 - 9.37 - 9.07 - 7.15 0.30 1.9245 -22.17 -22.00 -20.37 0.17 1.6360 -31.72 -31.70 -30.132 0.02 1.3875 -38.91 -39.01 -37. 80 0.10 1.2190 -44.38 -44.58 -43.49 0.20 1.09105 -48.61 -48.88 -47.89 0.27 0.99120 -51.91 -52.23 -51.31 0.32 0.92135 -54.51 -54.86 -53.99 0.35 0.87150 -56.56 -56.95 -56.12 0.39 0.83165 -58.19 -58.61 -57.81 0.42 0.80180 -59.50 -59.93 -59.17 0.43 0.76195 -60.56 -61.00 -60.26 0.44 0.74210 -61.40 -61.86 -61. 13 0.46 0.73225 -62.08 -62.55 -61.83 0.47 0.72240 -62.62 -63. 10 -62.39 0.48 0.71255 -63.07 -63. 55 -62. 85 0.48 0.70
270 -63.42 -63.91 -63.22 0.49 0.69
285 -63.71 -64.21 -63.52 0. 50 0.69
300 -63.95 -64.44 -63.76 0.49 0.68Cr> -64.9 -65.4 -64.8 0.50 0.66
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TABLE 2

LAGEOS THERMAL/OPTICAL TEST
RETROREFLECTOR TEMPERATURE RESPONSE

FFDI OPTICAL EVALUATION OF TEST ITEM

Time TTab TFace TApex ATRadial ATAxial(Mmn (0C) (0C) (0C) (0C) (0c)

0 4.11 2.83 4.72 1.28 1.891 3.83 2.58 4.48 1.25 1.902 3.50 2.31 4.23 1.19 1.923 3.15 2.01 3.97 1.14 1.964 2.78 1.69 3.68 1.09 1.995 2.40 1.36 3.37 1.04 2.016 2.01 1.00 3.04 1.01 2.047 1.62 0.64 2.69 0.98 2.05
8 1.22 0.27 2.34 0.95 2.07
9 0.82 -0.10 1.98 0.92 2.08

10 0.43 -0.48 1.61 0.91 2.09
11 0.03 -0.86 1.23 0.89 2.0912 -0.37 -1.24 0.85 0.87 2.09
13 -0.76 -1.62 0.47 0.86 2.09
14 -1.15 -2.00 0.09 0.85 2.09
15 -1.53 -2.38 -0.29 0.85 2.09
16 -1.92 -2.76 -0.67 0.84 2.09
17 -2.29 -3.13 -1.04 0.84 2.09
18 -2.67 -3.50 -1.41 0.83 2.09
19 -3.03 -3.86 -1.78 0.83 2.08
20 -3.39 -4.22 -2.15 0.83 2.07
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TABLE 3

LAGEOS THERMAL/OPTICAL TEST
RETROREFLECTOR TEMPERATURE RESPONSE

TEMPERATURE RE-STABILIZATION AFTER FFDI VIEWING

Time TTab TFace TApe &TRadial &TAxial(Min) (0) (0 C) (oC) (oC) (oC)

0 2.78 1.69 3.68 '1.0'9 1.9910 2.49 1.26 3.18 1.23 1.9220 2.70 1.41 3.28 1.29 1.8730 2.99 1.68 3.54 , 1.31 1.8640 3.25 1.94 3.81 1.31 1.8750 3.46 2.16 4.03 1.30 1.8760 3.63 2.33 4.21 1.30 1.8870 3.76 2.46 4.34 1.30. 1.8880 3.86 2.56 4.45 1.30 1.8990 3.94 2.64 4. 53 1.30 1.89100 3.99 2.70 4.59 1.29 1.89110 4.04 2.74 4.63 1.30 1.89120 4.07 2.78 4.67 1.29 1.894.11 2.83 4.72 1.28 1.89
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Ai-.iJNIX J Aerospace
M emora nd um Systems Division

Date 28 June 1974 Letter No. LAGEOS-34 Ann Arbor. ichigan

To J. Brueger

From E. Granholm

Subject Thermal Analysis of LAGEOS Satellite

Introduction

The LAGEOS Satellite has been thermally modeled in detail and the
resulting temperature predictions are presented. The thermal design
objective is to minimize the individual retroreflector radial and axial
temperature gradients which will optimize the satellite optical
performance. Toward this objective the retroreflectors are
conductively and radiatively isolated from their mounting cavities.
The satellite and retainer ring exterior surfaces were assumed to.
be bare, machined aluminum ( A s/eir = 0. 37/0. 05) to promote upper-
bound retroreflector temperature gradients. Ideally, reflective
thermal control coatings possessing low solar absorptances and high
IR emittances should be applied to the satellite exterior surfaces.

Summary

Based on a 60 cm diameter, bare machined aluminum satellite
containing 426 retroreflectors, the core stabilization temperature
is approximately 500C. For a non-spinning satellite in an entirely sun
lit orbit the maximum temperature gradient across the aluminum
structure is 100C. The retroreflector temperatures range from
-12 0 C to 200C depending upon location on the satellite with respect
to the sun. The average retroreflector radial and axial temperature,
gradients are 1. 3 and 2. IoC, respectively.

Analysis

The orbit environment imposed on LAGEOS was intented to promote
maximum satellite temperatures which induce upper-bound retro-
reflector temperature gradients. Orbital characteristics and parameters
(contained in the MSFC documents TMX-64627 and S&E-ASTN-PF-72-67)
used in the analysis are listed below:

Orbit type: Fully sunlit (hot)
Orbit altitude: 5900 km
Orbit eccentricity: . 0. 01

J-1
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Satellite attitude: No preferred orientation
Satellite spin rate: No spin
Solar constant: 1415. 5 w/m 2

Albedo reflectance: 30%
Earth IR emission: 237 w/m 2

The following assumptions were made for the purpose of thermal analysis:

1. 0 The configuration of the retroreflector mount assembly was a
described by MSFC Dwg. #50M23161, "Corner Cube Mount
Assembly", Rev. A, dated 24 April 1974. Details of the
mount are shown in Figure 1.

2. 0 The satellite exterior surface was bare, machined aluminum
(o- s/6 ir = 0. 37/0. 05).

3. 0 The satellite had a diameter of 60 cm and contained 426 circular
faced retroreflectors.

4. 0 The satellite terminator was coincident with the mounting interface
between the sphere halves.

5. 0 Thermal/physical properties of the retroreflector are identical
to those previously presented in the first program review.

6. 0 The retroreflector face was assumed to be recessed 1. 0 mm below
the retainer ring exterior surface.

The satellite model consisted of 158 nodes and 498 conduction and radiation
resistors. Four retroreflectors at various locations on the satellite
were analyzed in detail. The locations selected were 1) normal to the
sun, 2) at 450 off-sun 3) on the satellite shadowed side, and 4) on the
satellite terminator.

Results

For the previously stated orbital conditions and thermal/math model
assumptions the satellite stabilization temperature is 50 0 C. For a non-
spinning satellite the hot side and cold side temperatures are 55 0 C and
45 0 C respectively. The total satellite core temperature fluctuation
during the orbit duration is within 0. 10C.
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Table 1 presents radial and axial temperature gradients at various
orbital times for the four retroreflectors analyzed in detail. The
maximum retroreflector axial and radial temperature gradients are
2. 4 and 1.60C, respectively for the retroreflector normal to the sun
(retroreflector #1). The average axial and radial temperature
gradients for the retroreflectors analyzed arb 2. 1 and 1. 30 C,
respectively. The average retroreflector temperature is 30 C.

Conclusions

Itek was previously supplied retroreflector temperature gradients in
memo LAGEOS-23 on 28 May 1974 to permit analytical determination
of optical performance. The retroreflectorigradierts corresponded to
a bare machined aluminum satellite in a fully sunlit orbit. A
comparison of the previously transmitted data and the results of the
satellite thermal analysis are presented below:

Itek Analysis Inputs Satellite Thermal Analysis
Item (27 May 1974) (24 June 1974)

Corner Temperature 2. 80 C 3. OOC
ST radial 1. 30 C 1. 30 C
&T axial i. 90 C 2. 10C

As seen by the above, there is a good correlation between the Itek
optical analysis inputs and the satellite orbital thermal analysis levels.
Therefore, there is a high degree of confidence that optical performance
based upon previously supplied thermal analysis inputs will be
representative of the actual LAGEOS satellite optical performance.

E. Granholm

EG:b

cc: D. Fithian
K. Hsi
S. Krajewski
L. Lewis
J. Maszatics
J. Monroe
J. McNaughton
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TABLE 1 - LAGEOS SATELLITE THERMAL ANALYSIS
RETROREFLECTOR THERMAL PERFORMANCE

Retro #1 Retro #2 Retro #3 Retro #

Orbital &Tr &Ta &Tr tTa Tr tTa Tr hTaTime (Min) (Oc) (Oc) (oc) (O c) (Oc) (oC) (oC) (°C)
0 1.53 2. 39 1.30 1. 96 1. 14 1. 84 1. 10 2. 00

50 1.56 2.43 1.31 2.16 1.14 1.78 1.15 1. 99
100 1.58 2.41 1.36 2.18 1.13 1.88 1.19 1.97

150 1.57 2.35 1.37 2.13 1. 15 1.96 1. 17 1. 69
200 1.56 2.41 1.36 2.03 1.17 1.94 1.12 1. 87
225 1.58 2.47 1.34 2.04 1.18 1.92 1. 14 2. 08

Average 1.6 2. 4 1.3 2. 1 1.2 - 1.9 1. 1 1.9
Retro Temp
(Ave over orbit) 200C 90C -12 C -6 0 c

NOTE: 1. For the four retroreflectors analyzed the average radial and axial temperature gradientsare 1. 3 and 2. 10C, respectively.

2. The average retroreflector temperature over the orbit duration is 30C.
3, Retro #1 : Normal to sun

Retro #2 : 450 off-sun
Retro #3 : Shadowed side off

Satellite, 1800 off-sun
Retro #4 :Satellite Terminator, 900 off-sun



internalinternal APPENDIX K diX AerospaceMemorandum - Systems Division

Date 10 September 1974 Letter No. LAGEOS-41 Ann Arbor. Michigan

To J. Brueger (w/enclosure)

From E. Granholm

Subject Final Thermal Design/Analysis of LAGEOS Satellite

Enclosure: LAGEOS, Final Satellite Thermal/Mathematical Model and Thermal
Model Results

Introduction

The LAGEOS Satellite has been thermally modeled and the associated
network and temperature predictions are contained in the Enclosure.
Pages 1-17 specify thermal capacitance, conduction and radiation
resistance, and orbital heating information. Detailed satellite/
retroreflector temperature responses are given on pages 18-34.

The satellite thermal design objective is to minimize individual
retroreflector radial and axial temperature gradients which will
optimize optical performance. Toward this objective the retroreflectors
are conductively and radiatively isolated from their mounting cavities.
The satellite interior/exterior and retainer ring surfaces were assumed
to be bard, machined 6061-T6 aluminum having thermal optical properties
of a.s/ ir = 0. 15/0. 05 which were correlated with test data.

Summary and Recommendations

Based on a 60 cm diameter, bare machined aluminum satellite containing
426 retroreflectors, the core stabilization temperature is approximately
550C . For a non-spinning satellite in an entirely
sun lit orbit the maximum temperature gradient across the aluminum
structure is 8 0 C. The retroreflector temperatures range from -8 0 C to
16 0 C depending upon location on the satellite with respect to the sun.
The average retroreflector radial and axial temperature gradients are
1. 4 and 2. 30 C, respectively.

It was originally felt that LAGEOS optical performance would be sensitive
to thermal control coatings applied to the satellite and retroreflector
retainer ring exterior surfaces. However, after thermal/optiFl testing
the retroreflectors performed satisfactorily for cavity temperatures
ranging from -30 to +60 0 C.

K_ 1,,
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Memorandum

Date 10 September 1974 Letter No. LAGEOS-41
Page 2

Therefore, the following LAGEOS thermal design recommendations
are made:

1. The retroreflector mounting cavity should possess a low
(less than So~dinfrared emittance.

2. The retroreflector mounting rings should have a low thermal
conductivity and should provide minimal or no contact with the
retroreflector mounting tabs.

3. Thermal coatings/finishes which are applied to the satellite
exterior should be of low solqr absorptance (high visible
reflectance) to permit tracking by ground stations.

4. No particular level of satellite external surface IR emittance is
recommended since it appears to have little effect on retro-
reflector optical performance.

Analysis

The orbit environment imposed on LAGEOS was intented to promote
maximum satellite temperatures which induce upper-bound retro-

reflector temperature gradients. Orbital characteristics and para-
meters (contained in the MSFC documents TMX-64627 and S&E-ASTN-
PF-72-67) used in thet analysis are listed in Table 1. In addition the

following orbital heating constaints were used in the thermal analysis.

Solar constant: 1415. 5 w/m 2

Albedo reflectance: 30%
Earth IR Emission: 237 w/m 2

The satellite thermal model as shown in Figure 1 consisted of 158 nodes

and 483 conduction and radiation resistors. Four retroreflectors at

various locations on the satellite were analyzed in detail. The locations
were 1) normal to the sun, 2) at 450 off-sun, 3) at 1800 off-sun, and 4)

at 900 off- sun.
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LAGEOS

SATELLITE THERMAL ANALYSIS ASSUMPTIONS*

ORBIT PARAMETERS

ALTITUDE = 5900 KM
EQUATORIAL INCLINATION = 110*
ECCENTRICITY < 0. 01
FULL SUNLIT ORBIT (NO ECLIPSE)

SATELLITE ATTITUDE

SPIN RATE = 0
SATELLITE EQUATOR PLANE PERPENDICULAR TO ECLIPTIC
SATELLITE EQUATOR AND TERMINATOR ARE COINCIDENT

SATELLITE THERMAL/OPTICAL PROPERTIES

EXTERIOR SURFACES (SATELLITE STRUCTURE AND RETAINER RINGS)
as/Eir = 0.15/0. 05 (BARE MACHINED 6061-T6 ALUMINUM)

INTERIOR SURFACES
cir = 0.05 (BARE MACHINED 606 1-T6 ALUMINUM)

*SATELLITE THERMAL ANALYSIS INCLUDES CORRELATED PROPERTIES OF RETROREFLECTOR
VOLUMETRIC SOLAR ABSORPTANCE AND SATELLITE SOLAR ABSORPTANCE.

-'a)



e4 LAOOS
(9 oyw DESCRIPTION OF SATELLITE THERMAL/MATH MODEL

WEH MNODE IDENTIFICATION
BALANCE WEIGHT 1, 2(30M2o4s6)

(30M20459) 10

INDIVIDU HALF SPHERE -INDIVIDUAL 25-42 RETRO #1, FULL SUN 18 PER RETRO
RETROREFLECTORs 50-67 RETRO #, 45 OFF SUN 7 TOTAL
(50M24461) 75-92 RETRO #3, 180 OFF SUN OTALii 64 

100-117 RETRO #4, 90 OFF SUN_ INDIVIDUAL 43 RETRO #1
RETAINER RINGS 68 RETRO #Z(50M23170) 93 RETRO #3

118 RETRO #4
s(4~0 m) INDIVIDUAL 44-49 RETRO #1

KEL F RINGS, 69-74 RETRO #2 6 PER RETRO
UPPER & LOWER 94-99 RETRO #3 24 TOTAL
(50MZ4459, P/N 1 & 2) 119-124 RETRO 4

4 1MAL. wJvMe 01: "op 
___.____

A-wa arI arT=s-'OT COMBINED RETROS, 125-164
cw. rSkLZto KEL F RINGS, 40

TbrAL -vJetif- a 3 RETAINER RINGS
SPACE 201-206
TOTAL NODES -

158TOTAL NUMER OF RADIATION AND CONDUCTION RESISTORS
TOTAL NUMBER OF RADIATION AND CONDUCTION RESISTORS = 483
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The following are satellite nodes of particular interest:

Node Description

25 Tab, Retro I
31 Face, Retro 1
42 Apex, Retro 1
50 Tab, Retro 2
56 Face, Retro 2
67 Apex, Retro 2
75 Tab, Retro 3
81 Face, Retro 3
92 Apex, Retro 3

100 Tab, Retro 4
106 Face, Retro 4
117 Apex, Retro 4

Results

For the previously stated orbital conditions and thermal/math model
assumptions the satellite stabilization temperature is 550C. as shown by
Figure 2. For a non-spinning satellite the hot side and cold side tempera-
tures are 600C and 52 0 C respectively._ The total satellite core temperature
fluctuation during the orbit duration is within 0. 10C.

Figure 3 shows that the maximum and minimum retroreflector face
temperatures are 16 and -8 0 C, respectively for the sun side and dark
retroreflectors. At any one time all retroreflectors will be within 240C
of one another. The maximum temperature fluctuation of 50 C is experienced
by the retroreflector located on the satellite top surface.

Temperature profiles for the sun-side retroreflector are presented in
Figure 4. There is an approximate 470C temperature drop between the
cavity and the corner face. Axial and radial temperature gradients are
2. 5 and 1. 70C, respectively.

Thermal performance for the retroreflector located on the satellite
shadowed side is shown in Figure 4. There is an approximate 60PC
temperature drop between the cavity and the corner face. Temperature
gradients in the axial and radial directions are 2. 1 and 1. 30C respectively.
As shown by both Figures 4 and 5 corner temperature gradients are
nearly constant throughout the orbit.

K- 51,



SATELLITE STRUCTURE STABILIZATION TEMPERATURES

LRGEOS SATELLITE THERMAL ANALYSIS. BARE MACHINED ALUMINUM FINISH
FLIGHT RUN RUN DATE 08/27/74

" I SRATELLITE BRLANCE WEIGHT o 11 SATELLITE STRUCTURE. SUN SIDE
12 SATELLITE STRUCTURE. ODARK SIDE

68, -
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TYPICAL RETROREFLECTOR TEMPERATURE RESPONSES

LRGEOS SATELLITE THERMAL ANALYSIS. BARE MACHINEO ALUMINUM FINISH
FLIGHT RUN RUN DATE 08/27/74

( 31 RETRO FACE. SATELLITE SUN SIDE D 56 RETRO FACE. 45 DEGREES OFF SUN
0 81 RETRO FACE. SATELLITE DARK SIDE * 106 RETRO FACE. SATELLITE TOP SlOE

20

2 -0 - ---------------------------------- ,

0

15 --- ---- - -

-5

TIME (MIN)
BENDIX REROSPACE SYSTEMS DIVISION
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RETROREFLECTOR TEMPERATURE DISTRIBUTIONS,
SATELLITE SUN SIDE

LRGEOS SATELLITE THERMAL ANALYSIS, BARE MACHINED ALUMINUM FINISHFLIGHT RUN RUN DATE 08/27/74
11 CAVITY, RETRO

70 31 RETRO. MIOLE FACE 42 RETRO. APEX7 0 ' - - 2 R E T R . P E X

60so --

cccr
a-

*i

30

20

10
0 25 SO 75 100 125 ISO 175 200 225 250
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RETROREFLECTOR TEMPERATURE DISTRIBUTIONS,
SATELLITE DARK SIDE.

LAGEOS.SRTELLITE THERMAL ANALYSIS. BARE MACHINEO ALUMINUM FINISH
FLIGHT RUN RUN DATE 08/27/74

13 12 CAVITY, RETRO 75 RETRO. TAB

a 81 RETRO. MIDDOLE FACE < 92 RETRO. APEX
60

* -6-- - e--- -- e - -6- -6- -U--- -- 6 - -6-- ----

48
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Table 2 presents axial and radial temperature gradients for the four-
retroreflectors analyzed in detail. The maximum retroreflector
axial and radial temperature gradients are 2. 5 and 1. 7 0 C, respectively

for the retroreflector normal to the sun (retroreflector #1). The-
average axial and radial temperature gradients for the retroreflectors

analyzed are 2. 3 and 1. 40 C, respectively. The average retro-

reflector temperature is 3. 60 C.

Conclusions

Itek was previously supplied retroreflector temperature gradients in

memo LAGEOS-23 on 28 May 1974 to permit analytical determination

of optical performance. The retroreflector gradients corresponded to

a bare machined aluminum satellite in a fully sunlit orbit. A close

comparison of the previously transmitted data and the results of the

satellite thermal analysis are presented below:

Itek Analysis Inputs Satellite Thermal Analysis

Item (27 May 1974) (27 August 1974) -

Corner
Temperature 2. 80 C 3. 60 C.

AT radial I. 30 C I. 40 C

&T axial 1. 90 C 2. 30 C

Based on the 27 May 1974 thermal inputs supplied by Bendix, Itek predicted

that the retroreflector optical return in the 32 to-41 p rad annulus would

be 16.9%. When compared to the corresponding isothermal return of

17.7%, an optical degradation of 5% is apparent.

Optical testing conducted at +60 0 C cavity temperature indicated an optical
return of 13. 5% versus 12.4% for an isothermal retroreflector. The

improvement of approximately 9% in optical performance could be realized
for the LAGEOS satellite-since its core temperature of 55 0 C is nearly

the same as the test level.

From the above analysis and test results, the retroreflector degradation
due to thermal perturbation-is less than the maximum allowable level

of 50%. Therefore, there is a high degree of confidence that the LAGEOS
will perform adequately during its intended mission.

E. Granholm

EG:b
cc: S. Krajewski (w/o enclosure), L. Lewis (w/o enclosure)

J. Maszatics (w/o enclosure), J. Monroe (w/o enclosure)
J. McNaughton (w/enclosure) K- 10
MSFC-W. Johnson, R. Creel (w/enclosures)



LAGEOS

SUMMARY OF SATELLITE FLIGHT THERMAL ANALYSIS RESULTS*

RETRO #1 RETRO #2 RETRO #3 RETRO #4
LOCATION FULL SUN 450 OFF SUN 1800 OFF SUN 900 OFF SUN AVERAGE

RETRO
TEMPERATURE 16. 00C . 8.5C -7.50C -2.50C 3.6 0 C

AT AXIAL 2.50C 2.20C 2. 1 C 2. 3°C 2.30C

AT RADIAL 1.70C 1.50C 1.3*C 1.20C 1.40C

NOTE: 1. SATELLITE CORE TEMPERATURE = 54. 0 C.

2. APPROXIMATE 80C GRADIENT ACROSS SATELLITE STRUCTURE.

*BARE MACHINED 6061-T6 ALUMINUM SATELLITE AND RETAINER RINGS.



ENCLOSURE

LAGEOS, Final Satellite Thermal/Mathematical Model and
Thermal Model Results

10 September 1974

Pages 1 - 17 . . . . . . LAGEOS Satellite Thermal/Mathematical
Model Description

Pages 17 - 34 . . . . . LAGEOS Satellite Orbital Temperature
Profiles

K- 12
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0 0 0 - 7--
S . o O.l66OE 02 1.131E O 1 o 0 0.0o

0--0 01'O 0? * 0 _________16__E 0?___________3_X/ 0 0.0

3 . 0- O. 8~0F 01 0.1300E -3 ITIA 2 0.1000E 01
0 0 .A6r ) E 01 O.L29E0 " O.1000E 0

5 0 0 U.8600E 01 0.1300 03 oC ) 6 0 0.1O 00E O,1
S -- o 0 0.600E 01 O.iZgO9E 0 6 0 0.10O00E 01
d O . 0.'60)0FU1 0. 13600E 03 4 00.1000E 01.

10 0 0 0.8600E O' 0.1290E 03 5 0 0.1000E 01

11 0 0 0.120E 02 0.1410E 03 1 0 0.1000E 01
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-- -)----- ----- -- - - _ __ ______ 
___ __
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....... 0 .0.5~ ro.-03 0. 02 02 0 0 0.0
I108 0 0 0.5600-03 0.2980E 02 0 0 0.0
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61 39 42 0.6497F 04 0.0 0.0 0.0 0 0 0.062 40 42 0.6497F 04 0.0 0.0 0.0 0 0 0.0
63 41 47 U.649 E 0 0. 0 0.0 0.0 0.0 0. 0 0.0
64 43 44 0.957)F 02 0.0 0.0 0.0 0 0 0;0
65 43 45 - 0.9570E 02 0.0 0.0 0.0. 0 0 0.0
o6 43 46 0.9570E 02 0.0 0.0 0.0 0 0 0.07 . 67 44 45 0.8214F 06 n.0 0.0 0.0 0 0 0.0

4 45 46 0.8214E 06 0.0 0.0 - 0.0 0 0 0.069 44 46 U.9214E 06 0.0 0.0 0.0 0 0 0.0
70 25 44 n.1661E-01 0.6054E-13 0.2120E-02 0.0 0 0 0.0 ,,
71 26 45- 0.1667E-01 0.6054E-13 0.2120E-02 0.0 0 0 .0.072 27 46 0.166TE- 0..054-13 0.2120E-02 0.0 0 0 0.0

. 73 44 47 0.1796F 05 0.0 0.0 0.0 0 0.074 45 48 0.1796E 05 0.0 0.0 0.0 . 0 0 0.075 46 49 O. 1796t 05 .0 0.0 0.0 0 0 0o .07- 44 11 0.1667E-01 0.4483E-14 0.1570F-03 0.0 0 0 0.0
77 45 11 0.1667E-01 0.4483F-14 0.1570E-03 0.0 0 0 0-.07 4 11 (167E-01 067E010.4483E -40.157o.oE-03 0.0 0 0 0.0
79 47 48 0.4U39E 06 .0 0.0 0.0 0 0 0.0
80 4q 49 0.4039F 06 .0 0.0 0.0 0 0 0.0

_--._-.._ _ 6_- 7- -- 'LLi.o .o - -- .o • o---io o o o~--- o
81--47 49 0.4039E 06 .0 00 0 0 0.0
82 47 25 0.11206-00.3198E-13 0.1667E-01 0.0 0 0 0.0

- m N
...... -'S r~ ll' l-i 'l'lr , r ss " t, , .... ... . . .



83 .439 26 _ 0.1120E-02 0.3198F-13 n.1667F-01 0.0 0 o 0.0
4 49 27 0.1120E.-02 0.3198E-13 0.1667E-01 0,0 0 0 00

85 47 5 0.10)~ 07 0.0 0.0 0.0 0 0 0.0
S.r18 26 0.I000E 07 0.0 0.0 0.0 0 0 0.0
87 49 27 0.100E 07 0.0 0O. 0.0 0 0 700
..8$ 47 11 .1667F-01 0.2384E-14 0.8350E-04 0.0 0 0 0.0
89 48 11 0.1667E-01 0.2384E-14 0.8350E-04 0.0 0 0 0.0
40 44 it . 1.E667E-01 0.2384E-14 0.8350E-04 0.0 0 0 0 0
91 47 11 0.9520E 02 0.. 000 0.0 0 0 0.0

93 49 11 0.9520E 02 0.0 0.0 0.0 0 0 0.0
94 25 201 - 0. 1667E-0 0.6139F-13 0.2150E-02 0.0 0 0 .0
s 26 201 l0.1667E-01 0.6139F-13 .2150lE-02 -0.0 0 0 0.0

2 Z7 201 0.1667E-0I 0.6139E-13 0.2150E-02 0.0 0 0 0.0
97 28 201 0.1667E-01 0.3255E-13 O.1140E-02 0.0 0 0 0.0
98 ~9 201 0.1667F-01 0.3255E-13 0.IL40E-02 0.0 0 0 0.09 - 30-20 i-'-0.1667E-OL 0.3255E-13 0-.1-O140E-02 0.0 0 0 0.0

- JO 31201 01667bE-0I 0.3255-13 O.L40E-02 0.0 0 0 0.0
10.. 2 11 0.1667F-OL 0.8024E-14 0.2810E-03 0.0 0 0 0..0 1.tI rsJ 5>r T
19 2 33 11 0.1667E-01 0.8024E14 0.2810E-03 0.0 0 0 0.0
103 34_11 _. U1667F-01 0.8024E-14 0.2dlOE-03 0.0 0 00.0 t ^o j Uedt9

- 104 39 IL 0.1667E-01 0.7147E-14 0.2510E-03 0.0 0 0 0.0
tuo 40 11 0.1667E-O! .,7167E-14 0.2510E-03 0.0 0 0 0.0
1)6 41 LI 0.1667E-01 0.7167E-14 0.2510E-03 0.0 0 0 0 0
107 42 1i __0.1667t-01 0.7225E-14 0.2530E-03 0.0 0 0 0 0 0
l108 50 53 0.1478E 04 0.0 0.0 0.0 0 0 0.0
S109 51 54 0.1479E .04 0,0 0.0 00 0 0 0 00
110 52 55 0.147E 04 0.0 0.0 0.0 0 0 0.0
111 53 56' 0.1025E 04 0.0 0.0 0.0 0 0 0.0
r12 54 56 0.1025F 04 0.0 0.0 . 0.0 0 0 0.0
113 55 56 0.1025E 04 0. 0.0 0o.o0 0 0 o.0
114 53 .5_ 0U.I252F 05 0.0 0.0 0.0 0 0 0.0
115 53 54 0.1252r 05 0.0 0.0 0.0 0 0 0.0
116 54 55 0.1252E 05 00 00 0 0 0 0 0.0
117 57 60 0.2286 04 .0 0.0 0.0 0 0 0.0
Il b _58 61 0.2286E 04 0.0 0.0 0.0 0 0 0.0 -S119_ 59 62 0.2286E 04 0.0 0.0 , 0.0 0 0 0.0
120 60 63 0.1104E 04 0.0 0.0 0.0 0 0 0.0
171 61 63 0.1104E 04 0.0 0.0 0.0 0 0 0.0
127 62 63 0.1104F 04 0.0 0.0 0.0 0 0 0.0
123 _ 60 62 0.4402E 05 0.0 0.0 0.0 0 0 0.0
124 bO 61 0.4402E 05 0.0 0.0 0.0 0 0 0.0
125 61 62 .- 0.4402F 05 0.0 0.0 0.0 0 0 0.0
126 50 51 0.159F 04 0.0 0.0 0.0 0 0 0.0
127 51 58 0.1595E 04 0.0 0.0 0.0 0 0 0.0
12 - 52 59 0.1595E 04 0.0 0.0 0.0 0 0 0.0
129 53 60 0.2711E 04 0. 00.0 0.0 0 0 0.0
130 54 61 0.271LE 04 0.0 0.0 0.0 0 0 0.0
131 55 5Z 0.2711E 04 0.0 0.0 . 0.0 0 0 0.0
13? 56 63 _ -0.2711 04 0.0 0.0 0.0. 0 0 0.0
.33 64 65 0.1740E 05 0.0 0.0 0.0 0 0 0.0

aq



....... .-- 66 ,i.174rO5 0.0 0.0 0.0 0 0 0.0
0.0 0 0 0.0

136 57 64 0.3216E 04 0.0 - 0.0 0.0 0 00.0137 5. 65 0.3716E 04 0.0 0.0 0.0 0 0 0.05 5 66 0.3.E 04 0.0 0.0 0.0 0 0 0.013) i 60 - 64 0.2573E 040.0 0.0 0.0 0 00.0
140 61 65 0.;2573E 04-0.0-, 0 0 - 0 0.0141 62 66 0.2573E 04 0.0 0 .0 0.0 0 0 0.0142- 3 64 0.428F 04-0. 0.0 0.0 0 .0143 63 65 0.4288E 04 0.0 0.0 0.0 0 0 0
144 63 66 0.42RqE 0 0.:0 00 0.0 0 0 0.0145 64 67 0.b497E 04 0.0 00 O 0 0.0
146 65 67 .6497F 04 0.0- -- 0 0 0
147 66 67 0.6497F 04 0.0 0.0 0.0 0 0 0.0
148 66 69 0.9570E 020.0 .0 0.0 0 0 0.0
149 6-- 70-- -- O.9570F 02-0 0 0 0.0
L 7-- 11 . s 0E 02O.0 0 00 0 0 0.0

" 151-69 70 0.8214F 06 0.0 0.0 0 0 0 00
1 7 1.. . 0.___1_E 0 0. i. . 0 0 0.0

.0.0 0.6 0 0 0.0
1_ 5. 0*1667E-01 0.60 0.2 2 0.0 0 0 0 001 U 1 52 0.166i7E-U0 0.6054E-13 0.2120E-02 0.0 0 0 0.01i7 0 72 0.196E 05 0.0 0.0 0.0 0 0 0.01 6 70 3 0.1776E 05 0. 00.0 0 00.015. 71 74 0.1796E 05O 0.0 00,, 0 0 0.0
.I 4. 1 6 1570F - 03 0.448-3E-4 - 0.1 E-0 0 0 0 0.0161 70 3 J.1570E-01 0.483 ~1 ~E-0 -- 0.0 0 0 0.014 7 3 O1570E-03 0.4483E-14 0.1667E-01 0.0 0 0 0163 12 73 0.4039E 06 0.0 0.0 0.0 0 0 0.0--
164 73 74 U.4039E 06 0.0 0.0 0.0 0 0 0.0165 72 74 0.4039E 0 0.0 0.0 0.0 0 0 0.0
166 72 50 0.1667n-01 .3198eF-1 3 0.1 0E-0 0.0 0 0 00167 73 51 0.1667F-O1 0.318F-13 0.1120E- 00 0 0 0 .016P 74 52 0.1667E-01 0.3198E-13 0.112F-02 0.0 0 0 0.0169 72 50 U.1000F 07 0.0 0.0 0.0 0 0.0
170 3 1 6. OOOF 0 -0.0 0.0 0.0 0 0 0.0

_ _ _ 171 7 4 ? 0.1 O 07 0.0 0.0 0.0 0 0 0.0- . .-o1 00 -oo.0 0.0 0.0 0 0 0.0172 12 3 01667F-01 0.2384-14 0.8350E-04 0.0 0 0 0.0173 17 3 0.1667E-01 0.2384-i-14 0.8350E-04 0.0 0 0 0.01734 74 3 0.1667E0 0.2384E-14 08350-0 0 0 0.0175 12 3 0.9520F 02 0.0 0.0 0.0 0 0 0.0176 13 3 0.9520F 02 0. 00 0.0 0 0.0177 7 4  095OE 02 00 0.0 0 0 0.0
1 5 202 O.l1667k-01 0.6139E-13 0.2150F-02 0.0 0 0 0.179 52 202 U.1667F-01 0.6139-13 0.2150E-0 0.0 0 0 0.0
181 53 202 0.1 6 67E-01 O.3255E-13 0.1140E-02.0 0 0 00O12 54 i202 0.1667E-01 0.3255E-13 0.1140F-0- 0.0 0 0 0 0la . 55 202 0.1.667E-01 0.3255E-13 0.1140E-0 0.00 0 0.0184 56 202 0.166 ?F -OZZ 0o0 0 0 0oo.

.1667F010.3255E13 0.114E-0? 0.0 0 0 0.0-- - - - - - -- - - - - - - - - - - --- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
3e._



. ..._ ______ .. .

107 5 9  3 0.1667E-01 .8024F-14 0 .281 0-030.0 0 0 0.0
4 0.166~E-01 0.67-14 0.2510E-03 0.0 0 0 00199 65 3 0.1667E-0j 0.7167-4 0 5 0 0.0 0 0 0.0

20 1 75 78 0OL478E 04. 0o. 0 0 0 0.0202 76 79 0. 478E 04 0.0 0.0 00 O 0 0.0723 .7 . O 0.1478E 04 00 0.0 0.0 0 0 0.0204 78 '81 0.1025o 04 0.0 0.0 o0.0 0 0 0.0-
25 79 8 -' 1025 04 0.. 0.0 0.0 0 0 0.0

2 80 81 0.102SE 04 0.0 0.0 0. 0 0 00.0209 7 8 80 0.1252 05 0.05 0.0 0.0 0 00 0.0208 1 L.. 0.12 52 05 0.6 0 0.0 o
_ _20 79 6 80 2 6F- 0 0.0 0.0 0 0 0- 21 8 2286E 04 0.0 00 0.0
- 0.2286 O 00 0E O . 0.0 0 .

.... 86 .28E6 04 0.0 0.0 0.210 87 0.114F 00 0 0 .o
__8 821 8 04 04 0.0 0.0 0 0 0.0216 85 87 0.4102E 05 0.0 0.0 0. 0 00

S,.. .21 ..8 .88 ... O102.E 04 0.0 0*.0 0.0 0.0

__1__ 7 2 86 40 05 0.0 00 0 0 0 0.0
2L 86 0.402SE 05 0 0.0 0 . 0. 0 00
210 6 87 0.4402E 05 0.0 0.0 0. 0 0 0.0
219 75 2 0.15951 04 0.0 0.0 0 0.020 !6 83 0.1595 04 0.0 0 00 0 0.0221 s__ o 0.195E 0s 0.0 0 0 00.0
aLZ 78 85 0.270114 00.0 00 0. O 0 0.0223 79 86 O.2611? 04 0.0 000 0 0 00

2224 80 87 _0.271E 04 -0.0 0 . 0 0 0 0.0.. 81 8 0.2711E 04 0. 0.0 ..0 --26 89 90 O.17 E05 0.0 0.0 0.0 0 0 0.0____ 5z 9 1 0.17404E 050.0 0.0 0.0 0 022_ 0 91 0.1740F 05 0.0 0.0 0.0 0 0 0.0
2~ 89 91 O.1740 05 0. 00 0.0 0 0 0.0
2 .8-2 89 0.32169 04 0.0 0.0 0.0 0 0 0.0230 83 90 0.3216F 04 0. 0 0.0 0 0 .0So.o o.o o.o o 0. 0
231 8 91 0.3216 000 0.0 0.0 0 0.022 2 89 0.573 040 0.0 0.00 0 0.0233 86 90 0.2573E 04 0.0 0.0 0.0 0.0 .
234 87 91 0.2573E 0 0.0 00 0.0 0 0 0.0
235 89 o.4288E 04 .o o. 0.0 0 0.0
236 88 90 0.42881E 0 0.0 0.0 0.0 0 0 0.0
31 88 91 a0.4288E 04 0.0 0.0 0.0 0 0 0.073 89 92 0.6497E 0- 0.0 0.0 00 0 0 0.-239 _90 92 0.6497E 04 00 0.0 0.0 0 0 0.0240 91 92 0.6497E 04 0.0 0.0 0.0 0 0 0.0

241 93 94 0.9570E 02 00 00 0 0.0-_ 242- 93 95 0.957O 0 0. o 0 0 00 0.00 0.0243 93 96 0.9570E 02 0.0 0.0 0.0 0 0 0.0- 244 94 95 0.8214E 06 0.0 0.0 0.0 0 0 0.0
2 -04 - - 0 0 0.0



SAh 9 O3 - _ _ _

245 95 l - ,,0.82i4E 060 0.0 0.0 0 0.0
246 94 O.dZl4L 06 0.0 0.0 0.0 0 0 0.0
24. ')4 15 0.1667E-01 0.654E-13 Z.120F-02 0.0 0 0.0
24_ 9s.5 76 0.1667E-01 0.6054F-13 .0.21?0F-02 0,0 0 0 0.0
29 . . 0.2120E-02 0.0 0 0 0.0
25) ) 94 97 0.1T96E 05 0.0 0.0 0.0 0 0 0.0
751 5 198 0.1796E 05 0.O 00 0.0 0 0 0 0O

. . 252 .. 96 -- 94 0. 17*96E 05 0.0 0.0 0.0 0 0 0.0
253 94 12 0.1667E-01 0.448~E-14 0.15?OE-03 0.0 0 0 0.0. . 4 . 5 2 0.1667E-01 0.44R3tE-0---7itTI-Th-03-00 0 000
255 96 -12.-'- 0,166 7E-01 0.44 -3E-14 0.1570-E-03 00 0 0 0.0
256' 97 9i 0.4039k 06 0.0 0.0 6.0 0 0 0.0
257 99 0.4039F 06 0.0 0.0 0.0 0 0 0.0
•245 '7 99 0.4039E 06 0.0 0.0 0-0 0 0 000
259 97 75 0.1120E-02 .5~8E-13 0.1667E-01 00 0 0 0,0
260 4.8 76 - 0.1120E-07 0.31989-13 -0,l 66 b- f 00 o 0 0 0.0.21 9'- 77 0.1120E-0? 0.JI[8E-13 0.1667E-01 0.0 0 0 0.0262 97 75 0O1000E 07 0.0 0.0 0.0 0 0 0.0
_ _ - --b 8-6--i-1--.o0F 7--0 oo.-.00 " 0.0 -0 00
, ..'......9.. 7 -OiOOE 07-0.00. 0 0 .0 0 0.0

2_5 --57 12 O.1667E-0 -O.Z384E-14, 0.8350E-04 0.0 0 0 0.0
266 98 12 0.1667F-01 0.238Z E-1-O 0.8350E-04 0.0 0 0 0.0 -, JTI /t,5e 42L7 99 1T 0.1667E-01 0.2384E-14 0.8350E-04 0.0 . 0 0.0261 97 12 0.9520E 02 n.0 0.0 0.0 0 0 0.0
269 98 12 0.9520E 02 00 0.0 0.0 0 0 0.0
270 99 12 0.9520E 02 0.0 0.0 0.0 0 0 0.0
271 15 203 0.1667E-01 0.6139E-13 0.2150E-02 0.0 0 0 0 00
272 76 203 0.1667F-01 0.6139F-13 0.2150E-02 0.0 0 0 0.0
273 77 203 '.1667E-O1C.6i39E-13 0.2150E-02 0.0 0 0 0.0
214 78 203 0.hh667E-01 0.3255F-3 0. I4OE-02 0.0 0 0 0.0775 79 203 0.1667F-01 0.3255L-13 0.1140E-02 0.0 0 0 0.0
276 80 203 0.1667E-01 0.3255E-13 0.1140E-02 0.0 0 0 0.0
277 81 203 0.1667E-01 0.3255E-13 .1140E-02 0.0 0 0 0.0279 82 12 0.1667E-01 0.9024F-14 0.2810F-03 0.0 0 0 0.0
279 3 12 0.1667TE-0 0.-024F-14 0.2810E-03 0.0 0 0 0.0
280 84 12 0.6I7E-01 0.8024F-14 0.2810E-03 0.0 0 0 0.0?l- 99 12 0.1667E-01 0.7 67F-14 0.2510E-03 0.0- 0 0 0.0
28- 90 12 0.1667E-01 0.7167E-14 0.251UE-03 0.0 0 0 0.0
283 91 12 0.1667E-01 0.7167E-14 0.2510E-03 0.0 0 0 0.0 ,.
28H4 92 12 0.1667E-01 0.7225E-14 0.2530E-03 0.0 0 0 0.0
_85 o10 103 0.1478E 04 0.0 0.0 0.0 0 0 0.0
2.. iif 101 104 0.147gr 04 0.0 0.0 0.0 0 0 0.0
2R7 102 105 0.1478E 04 0.0 0.0 0.0 0 0 0.02 1,03 106 0.102SF 04 0.0 0.0 0.0 0 0 0.0
2 q 9 104 106 0.1025E 04 0.0 0.0 0.0 0 0 0.0
200 105 106 0.1025E 04'0.0 0.0 0.0 0 0 0.0
291 103 105 0.1252E 05 0.0 0.0 0.0 0 0 0.0
292 103 10. 0.1252E 05 0.0 0.0 0.0 0 0 0.0
293 19')4 105 0.1252E 05 0.o 0.0 0.0 0 0 0.0
294 107 110 0.2286E 04 0.0 0.0 0.0 0 - 0 0.0
295 108 111 0.2286F --04 0.0 0.0 0.0 0 0 0.0

. ..N __



...E.o O F S4

c.29t ll I 12 0.2. 26 F 04 O 0.0 0.0 0 0 0.0
297 11) 113 0.114, - 04 0.0 0.0 0.0 0 0 0.0
29i 111 113 0.1104E 04 0.0 0.0 0.0 0 0 0.0
29 11 2 113 0.1104E 04 0.0 0.0 0.0 0 0 0.0
300 110 112 ' 0.4402F 05 0.0 0.0 0.0 0 0 0.0

i 10 111 II O0.4402E 05 0.0 0.0 0.0 0 0 0.0
302 111 112 0.4402E 05 0.0 0.0 0.0 0 0 0.0
3(3 100 107 0.1 95SE 04 0.0 0.0 0.0 0 0 0.0
304 1,1 109 0.1595E 04 0.0 0.0 0.0 0 0 0.0
305 L10 109 0.1595E 04 0.0 uO.0 0.0 0 0 0.0
306 1 110 0.2I11E 04 0.0 0.0 0. 0 0 0 0.0o
307 104 111 0.2711E 04 0.0 0.0 0.0 0 0 00
308 1.)5 112 0.2711 04 0.0 0.0 0.0 0 0 0.0
30f 1)6 113_ 0.2711E 04 0.0 0.0 0.0 0 0 0.0
3I0 114 115 0.174 O E 05 0.0 0 0.0 0 0 0.0

.. its 16 . 0.1 740E 05 o.O o.o o.o o o o.o 00- rt f
312 114 16 0.1740F 05 0.0 0.0 0.0 0 0 0.0
_ 13 107 114 0.3216E 040.0 0.0 0.0 0 0 0.0
14 138 115 0.3216F 04 0..O 0.0 0.0 0 0 0.0

315 109 116 _.0. ,3216E 04 0.0 0.0 0.0 0 0 0.0
310 110 114 0.2573E 04 0.0 0.0 0.0 0 0 0.0
317 111 115 0.. 02573 04 0.0 0.0 0.0 0 0 0.0
318 112 116 O.213E 04 0.0 0.0 0.0 0 0 0.0
31' 113 114 0.42889 04 0.0 0.0 0.0 0 0 0.0
320 113 115 ... 42qE 04 0.0 0.0 0.0 0 0 0.0
321 113 116 .. 428E 04 0.0 0.0 00 0 0 0.0
322 114 .117 .. f.6497F 04 0.0 0.0 0.0 0 0 0.0
2 115 117 0.6497E 04 0.0 0.00 0.0 0 0 0.0
324 116 117 0.6497E 04 0.0 0.0 0.0 0 0 0.0
325 118 119 0.95701 07 0.0 0.0 0.0 0 0 0.0
126 11 120 0.9570E 02 0.0 0.0 0.0 0 0 0.0
327 118 121 0.95r(E 02 0.0 0.0 0.0 0 0 0.0
32 119 120 - 0.8214E 06 0.0 0.0 0.0 0 0 0.0S29 120 121 0.8214E 06 0.0 0.0 0.0 0 0 0.0

330 119 121 0.8214F 06 0.0 0.0 0.0 0 0 0 00
331 119 100 0.1667E-01 0.6054F-13 0.2120F-02 0.0 0 0 0.0
332 120. 11 0.....1667EO 0.6054E-13 0.2120E-02 0.0 0- 0 0.0
332 121 102 .. 0.1667E-01 0.6054E-13 0.2120E-02 0.0- 0 0 0.0
334 119 122 . 0.1796E 05 0.0 0.0 0.0 0 0 0.0
335 120- 1?3 0.1796E 05 0.0 0.0 0.0 0 0 0.0 ".
346 121 124 0.1796F 05 0.0 0.0 0.0 0 0 0.0
337 119 5 0.1667E-01 0.4483E-14 0.1570E-03 0.0 0 0 0.0
3 tl 120 5 _ 0.1657E-01 0.443E-14 0.1570E-03 0.0 0 0 0.0
439 121 5 0.1667E-01 0.4483E-14. 0.1570F-03 0.0 0 0 0.0
340 122 123 0.403qF 06 0.0 0.0 0.0 0 0 0.0
34 1 123 12' .4039E 06 0.0 0.0 0.0 0 00.0
3?2 122 124 0.4039F 06 0.0 0.0 0.0 0 0 0.0

3. 122. 100 0.1667F-01 0.3198E-13 0.1120E-02 0.0 0 0 0.0
144 123 101 0.1667E-01 0.3198E-13 0.I112O-02 0.0 0 0 0.0
345 124 102 3 E-13 066.1 0.3 120E-02 0.0 0 0 0.0
346 122 1003 0.100F 07 0.0 0.0 0.0 0 0 0.0



14 7 .. . . . .1 E.. . . .F 0 7.. 0 . 0 0 . 0 0 0 0 .074 124 102 0.00)E 070.0 0.0 0.0 0 0 0.034 W-LSz O.16T67F-.-O 0. 23 -4-4 0.O -O 0.0 0 0 0.0350 1I3 5 O. b67E-U 0.2384F-14 ).8350E-04 0.0 0 0 00
31 124 5 0.lb67F-01 0.23d4F-14 0,8350E-04 0. 0 0 0.0356 122 5 0. 92F 02 0.0 0.0 0.0 0 0 0.0. 123 5 0.1950E OZ0. 0 0.0 0.0 0 0 0.0
354 14 5 0o.9520 01 0.0 0.0 0.0 0 0 0.0
355 100 206 0.166E-01 0.6139E-f 0.rIOEF-b-2 -0 0 0 0.0356 1)1 ?06 0.1667F-O 0.3639E- 0.215OE-02 0.0 0 0 0.0
35 1 04 206 ..01667E-b 0.63255-13 0 0E-02 0.0 0 0 0.0
360 105 206 *. 1667-01 0.3255E-T -O*--1140-E-02 0.0 0 0 0.0359 106 206 0.1667E-01 0.3255E- i 14.t -uz o0.0 0 0 0.0
362 1057 526 0.1b67E-0 O0.8024E-3 -. 214E-03 00 0.0 0 00.0
363 08 5 --- 0.1667E-01 0.0024E-[ 0- J. O-03 0.0 0 0 0.0363 10b 5 0. 1667E-01 0.01024E7-4-0 nE-03 0.0 0 0.0364 15 5 0. 16O67E- 00 b4' --4-2-OE03 0.0 0 0 00 .TI

36 .117 5 0.1667F-01 0.725E .2530E-o3 0.0 0 0 0.036 1516 145 0.4 5607 - .- 0.. 03 0 0.0 0 0 0.0

37C 1 3 14 -- '0.9560 00 0.0 0.0 0.0 0 0 0.0371 136.7 146 0.95F00 0.0 0.0 0.0 0 0 0.0.37 1 .37 141 0.8990E 000.0 0.0 0.0 0 0 0.0
372. 1.8 148 0.450F 00 0.0 0.0 0.0 0 0 0.0377 139 149 . O.8990E 00 0.0 0.0 0.0 0 0 0.0374 141) 150 0.8991E 00 0.0 0 .0 0.0 0 0 0.0375- 1 .151 0.8',90E 00 0.0 0.0 0.0 0 0 .0376 142 152 0.1990F OC 0.0 0.0 0.0 0 0 0.037 143 153 0.9250E 00 0.0 0.0 0 .0 0 0 0.0-78 .144 154 0.8990F 00 0.0 0.0 00 0 0 00

_ 010667E-2 66 .0 0 03 P __4__-)-- 0.16 6 7U. - () I 1 1d -.16 iE -E-0 0.00

3__ 12 148 0.1667E-01 0.9423E-12 0.3300E-01 0.0 0 0 0.0389 1 - 49 .i .1667E- 0.47696F-12 0.1670E-01 0.0 0 0 0.0390 8 150 0.1667F-01 0.4769E-12 0.1670E-0 0.0 0 0 0.0391 , 1514 0.1667E-01 0.9423E-12 0.3300-01 0.0 0 0 0.0

32 .. 10 15249 .1667E-01 0.476QE-12 0.1670E-01 0.0 0 0 00
_3"0 I. _O.16Th-Ol 0.4769E-12 0.1670E-01 0.0 0 0 0.0

39i--- 151 Ol.%67F-Ol 0.47/69F-12 0.f670F-01 0.0 0. 0 00
39. 6 -152 . 0.1667E-01 0.4769E-12 0.1670E-01 0.0 0 0 0.0
3c5 ....)3 5 153 0.1667E-i"01 0.4-6-12 0.1620E-01 0.0 0 0 0.039 12 156 . 0.1667F-01 0.34769-120.1b70E- 0.0 0 0 003 257 155 0.1667-01 l0.67-11F-1 0.23519E0 0.0 0 0 00396 12 1586 0. loF-1 F-1 0E 0.0 0 0 0.09_ 127 -- 157 0.1667F-01 0.339RE-11 0.1190E 00 0.0 0 0 0.0
39A- 12d8 . .1oo7F-O! 0-6711F-11 0.2350E 00 0.0 0 0 0.0_____-199 12 159 0.1667F-01 0.3398E-11 0ol1QOE O0 0.0 0 0 0.0

4d 130 160 0.1667F-01 0.3398E-11 0.II90E 00 0.0 0 0 0,0
401 i -- 161 0.1667E-01O 0.398E-. 0.190tE 00 0.0 0 0 0.0402 132 12 0.1667E-01 0.3398E-11 O0.190E 00 0.0 0 0 0.04C3 133 16 0.1667E-0 0.336000 0.0 0 0 0.0

I,,-- --- -



.........+o+ --i--i+,--6 . -.-- ..--f--.----- 
------- .- __

404 134 164. 0.1667-01 0
.3398E1-1 0.119F 0 0.0 0 04 5 120F 04 .0 .0 00.0 0 0.0 0.04U1 126 156 0.662F 04 0.0 0,0 0.0 0 -- 0.0 

-
401 127 151 0.9390 04 0 00. 0 0 0.0408 1.. 2- 15d 0o.472F 04 0.0 0. .0 0 0 0.4 U oi o 2 9 .. .. o 3 o 4 .0 o.3 1or04l 131 161 0.9390F 04 0.0 0 0.0 0 0.0

.... 412 13 -16 -- 0.9390F04 0 0.0 0. 0.0 0 0 0
413 133 163 0.9639F 04 0.0 0.0 0.0 0 0 0.0

414 1i14 162 0.9390E 04 0.0 
-00 0 0 a0415 11 155 0.1667-01 .0.5026E-2-0.1760-01 0.0 0 00416 .3 15 . 0.1667F-L0 0.2473E-2 0 60E-02 0.0 0 0 0.0

417 4 157 _ 0.1667E-01 0.2544E-i2 0.8910E- o o,0 00 0.0 -
4 12 i.58 u .1667-01 0.506E-12 0 b0i410 o.0 o o 0.0

41 IS 1 0.1667E-01 U.54E-12 0890E-02 0.0 0 0 0421 8 160 0.1667E-01 0.25 4E-12 0.8910E-02 0.0 0 0 0.0
_ _.3 161 0.1667E-01 0.2544E-2 0.8910E- 0.0 0 .0422 10162 0.1667E-1 0.2544E-12 0.8910E-02 0.0 0 0.0. .. . 4 3 .- t3 167F-0 0 T 3F-1 0.8660 -02 o.o 0 0 0.0- 414 6 14 -0.1667F-01 0.25 4E-12 0.891uE-02 0.0 0 0
4257 155 0.9430 00.0 0.0 0.0 0 0 0.0426 3 156 0.9190E 00 00 00.0 0.0 0 0 0.0----
427 4- 157 0.89306 00 20.0 0.0 0.00. 0 0.0428 12 15 0.4530 000.0 0.0 00 0 0 0.0--- 429 7 159 0O.8930F 00 0.0 0.0 0.0 0 0 0.0
430 8 160 ._ O.R930E 00 0.0 0.0 0.0 0 0 0.0
431 9 161 0.8930F 00 0.0 0.0 0.0 0 0 00432 10 .. 162. 0O.8930 00 0.0 0.0 0.0 0 0 0.0
433 5 163 0.9190E 00 0.0 00.0 .00 0 0.04 4 6 164 0.8930F 00 o.------ o-.0 o.o 0 o0 o.o135 15 201 0.1667E-01 0.2199E-O0 0.7700E 00 0.0 -0-----.0S43 126 2002 .1667E -1 O.1085E-iO OE O 0 0 0.0-37 127 J2 0.166TE-O1 0.1117-1 0.391*0 0.0 0 0 0.0
430 12 203 0 167F-01 0.1117E-10 03910E 0 0. 0.0

89301- .30 1. 9 2 O lb6 -O -. ....E.. 0.3 9..E 0 0 . 0 0 0 0 .0
440 13 104 0*166 -01 0.1117E-10 0.3910E 000 0 0 00441 11 235 0.1667F-O1 O.117E-IO039;1F 00 0.0 0 0 0.04.2 132 215 . 0.1667-01 0.1117.-10 0.3910E 00 0.0 0 0 0.063 133 2 06. 0.1667E-01 0.1085E-10 03E 00 0.0 0 0 0.0434 134 .20?o6 0.1667E-01 0013iii---10 0.391 0-07 0 0 0445 125 11 0.1667E-01 0.3712E-11 0.I13-E 00 0.0 0 0 0

4 -- 126 3 0.1667E-01 0.1822E-O1 0.~8oE-01 0.0 0 0 0.04- 47 121 • 4 I0.1667E-01 0.1816E-11 0.6571- 0 0 0 0 .04~. 14 2 12 O.16E-Ol 0.16372-11 0.670[ b0i-j E 00 0.0. 0 0 00
441 129 0 -9 7u 0.0

. 450 1 30 ... 0,1667F-01 .0o1 76E-11 7E6570E-O- 0.0 0 0 00
.... 8 6 76-- 0. 0 0 0.0

451 131 * 2 0.166TE-OF-0.1876.1ll 0.657 E-0 0.0 0 00452 132 Lo .166OF-O O.1876--L O0.570E-0 0.0 0 0 0.0
453 133 5 0.1667E-01 O.822F- 1- 0.6380-0- 0.0 0 0 0.0
654 134 6 0.1667E-01 O.876E--1- 0.657E-O1 0.0 0 0 00.. .. 0 0 0.0

44 2 1 6I



455 Th 2:-2 ... 0.1667E-1 0.6425=- .--25OE-01 0.0 0 0 0.45--, 1-j- .2J 0. .67- .i3i - IE I 0 0 0.0............._ L7 2'4 - 0.1667E-01 0.32 E it 0.11 0E-01 0.0 0 0 0.___1_1_ 1_5 0i.i 667E.-lb E0 3255L 2 0.2Z40E-01 0.0 0 0 0.0457 13 4 20 0.-- 16671 0.355F- 2 0.1140- 1 0.0 025 0 0 0 0.045 18 206 - . 0.. 0 0 0.0
_ 6_ 14.16 _ 5 ... 0 .0.1667E-u0 0, 3 255i 3-.-lT4-f00 0 0.0--462- 3 "2J 0_.1667E0-Ul ..3769E 0 0 0 T7463 143 206 0.1667E-01 O.376E- I-.--3 5F- 0 0.0464 144 2Oo 0.167-01 0.325512 01-0 0.0 0465 4J 201 ..0. 1667E-01 Oo.l 0 E-2--0 

0. .. j466 . 0...H ? _0..166F-01 0.919E1 6;.2Z603-00 0.0 0 0 0.0461 93 203 0. l66E-01 0.gL95E- - -o3zE-03 00 0 046C 4L 206 0.1667E-01 0. 4 795E j2- .6i7I0E-0 0.0 0 0 
-4Q -l- 20 1 .1667E-(01 0.095 4 "--.0 .0E- -0_ 0 0 0.04702 -1 2Ol - 0.1667E-01 0.075-40-4--k 0 0  0 0 .0466 68 202 -0.1667E-0 1 0.6E- - 1 0.2260E - 0 0 0 00.47 15 9 03 _0.1667F-OI 0.9538fi4- 0.334600 1 0.0 0 0 0.046 ' 7 204 0.1667E-01 0.49E-i-1 0.1670E-0 0.0--0-- 0 0 0.0

48 1U_ 2 f 166_7E_-04 4.6 
- 1 0.60E-n1 0D 0 0 0.04 7 -- 20" 0.167?F-01 0.46ii-1 0.1670E-01 0.0 0 0 0

78 6 206 O.167E-01 0.6769F-12 0.7-1 0.0 0 0 0.0

4__ 3_5 __147 5 206 50E.1067E0V.T6 9 .16k=E- 0 0 0 0.0

419 4 15 0.lb67E-O O.I71 0E 00 0.0 0 0 0.0
4 2 1426 1f6 0.1667 0 0 ' 0. 0 0 0 0.0

S 48 1 .47 0.166.7E-01 0.645E i -0.6E 00 00 0 0 0.048d . 148 iO II -bE- 0.12-0 0445E 0 0.0
4Q3 -- .49 ... O.1667E-01 .645iE-di Z 0F--E-00 00 0 0 0 .04_4 8 - 10 .l60 0.1667F-0 0.64Z4. 1 " Oo226OE 00. 0 O 0.04H5 131 11. 0.1667E- 0o 0AOEib 0 0 0 0 0.0486 132 152 0.1667E-01 0.6454E"--OZ26OE 0O 0.0 0 0 0.0487 133 153 . lbb7E-01 r0.6254E'-11 .21----90E 0 0.0 0 0 0.0_,,__ 18 4 1-54 0.1667E-0i 0.6454E-11 02260E 00 00 0 0 0.0

_ _ 165 156 10.1736E 0.0 0.0 0.0.0491 1 7 t15 O.1687E 03 1.0 0.0 0.0 0 0 0.0492 _ 1 15 0.8550F 02- -0 0.0 0.0 0 0 0.09. 149 .159. 0.1687 03 0.0 0.0 0.0 0 0 0.04.4 15 --160 --. 1687E-03 0.0 0.0 0.0 0 0 0.0'8 2-151- 
16- 0.167E 03 0 0 0. 0 0 0.0496 152 162 0.1697E03 04.0 0.0 0.0 0 0.0•48 7 .153+163 O7l36 -03-O-- 0.0 0.0 0 0.0

40 154 166 0.1687F-03 02. 0.0 0.0 0 0 0.0

0 1 0. 0.0

4 91 16 0.1 .1000E 02 0.0 0.2255E 0.0 00-1 0 0 0.0 .
0-.o) o0 0 ooo 0 .0

--------- --
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AI 0 4 - 0.2255E 03 0.0 _0
0.3 0.3020F-U? 0,.1IRE 02 0.2636- 0.3760E 02 0.1870E-020.640E 02 0.1120E-020.752)F 02 O.0490F-03 0.940.) 02 0.9610c-03 0.L1 2E 03 O.lOOE-02 0.1315E 0~ 01290E-0O--.150 3F-O3O[-'7O2_0°691E 03 O.17BOE-02 0.1879t 03 0.2440E-02 0.206TE 03 0.297OE-02

9 0 0.2255E 03 0.0

.........0.0 0.4670E-03 0.1O-8--i7- .8560E-03 0.3760E 02 0.1220E-02 0.5640E 02 0.1370E-02
0o.1523F o02 -ZOE-02 0.940oF 02 o.4560E-o3 0.12E 03 o.460oE-03 0.1315E 03 0.1960E-03
SO.503Fso 03 O?170E-04 01691E- 03 04230E-04 0.1879E 03 07170E-04 0.2067E 03 0.1960E-03. 03 0.4670-03 

__
-1 .0 0 .0 o.o . .______

1T0 0 4 _0.2255E- 03o 0.0
0.0 0.4670E-03 0.180E 02 0. 0.9400E 02 0.0 0.1128E 03 04670E-030,,i,____-(3-_ O-_0.100-2 0.1503E 03 0.3150E0-023 .1691 03 3640E-02 0.1879E 03 0.3150E-02
0-2U67E 03 0.18 0-2 0.2255E 030.4670E-03

1- 0 4 0.2255E 03 0.0
__0.0 02330F-02 0*2255E 03 0.2330E-0I -

-_1 0 - - 6 0 _- ----

0.0 . -0.1960E 00 0.1880E 02 0.1770E 00 0.3760E 02 0.1680E 00 0.5640E 02 0.1660E 00
0.752E 02 0.,1680 00 .09400E 02 0.170E 00 0.112AE 03 0.1960E-00 0.1315E 03 0.2230E 000. 1503 03 0.1480E 00 0.1691E 03 0.2590E 00 0189E 03 0 03 00

-1 0 0 0.0-

13 0 4 0.2255E 03 0.0
0.0 0.1370E 00 0.1880E 02 0.6I90E 00 0.3760E 02 0.6900E-01 0.5640E 02 0O.660E-01
o0.?t7ZE 02 0.530 0.1503F 03 0.0 0.1691E 03 0.1660E-01 0.1879E 03 0.6900E-O10.2067b 03 -OIIOE 00 O.2255E 03 0.1370F 00

-1 0 0 0.0 -

14 0 4 0.2755F03 0.0
0.3 0.3270E-01 0.1880E 02 0O6010E-O1 0.3760E 02 0.8530E-0 0.5640E 02 0.9570E-010.7523E 02 0.8530E-01 0.9400F 02 0.6010F-OI 0.1128E 03 0.3270E-OL 0o1315E 03 0.1370E[ __
0.1503E 03 0.5030E-02 0.1691E 03 0.2960F-02 0.1879E 03 0.5030E-02 0.2067E 03 0.1370E-01
0.2255F 03 0.3270OE-01-1 0 0 0.0 ____

cI----



1. .0.2255E 03 0.0 -"
00 0.0 0.376OF 02 0.0 0.5O40E 02 0.1660-01 0.7520E O 0 6900E-O1094UOE 02 0.1190F 00 0.1128E 03 0.130E 00 0.1315E 03 0.190E 00 0.1503E 03".69OOE-O0.1691E 03 0.1660E-01 0.1879E 03 0.0 0.2255E 03 0.0

-1 0 u 0.0

.... . 0 _4 _0.2255E 03 00.0
0 0.0 O.1660E-1 01880E 02 0.6470E-01 0.3760E 02 0,120E 0 0.5640E 02 0.1300E 0

0.75oF 02 0.1120E 6 0.940E 0.6470E-01 0.1128E 03 0.1660E-01 0.1315E 03 0.00.?067E 03 .00 0.2255F 03 0.1660E-0 --1 0 0 0.0 

17 .0 4 0.2255E 03 0.0
0.0 0.1660E-01 0.1880E 02 0.0 0.9400E 02 0.0 0.11 28E 03 60.1660E-01 _
...... .1315E 03 0.640E-01 0.1503E 03 0.1120E O0 0.161 03 0.1300E 00 01879E 03 0.1120E O07.. ......3 0.6470E-01 0.2255E 03 0.1660E-01

-1 0 0 0.0

s o 4 0.22o5F 0"3 .o v __
0.0 0.1630E-04 I01880E 02_05240E-04 03760E 02 0.9580E-04 0,5640E 0 02 01140E-030*7520OE 02 O.R900E-04 0-.94OE 02 0.4410E-04 0.1128E 03 0.1360E-04 0.1315E 03 0.5750E-05
O.b1503E .03 0.2100E-05 0.1691E 03 fU.1240E-05 0.1879E 03 0.21OE-05 0.2067E 03 0.5750E-05
0.2255E 03 0.1630E-04

19 0 4 0.2255. 03 0.0 _
0.0 0.1640F-04 0.1880F 02 0.0 0.9400E 02 0.0 0.1128E 03 0.1370E-04
0.......315E 03 f.5350E-04 0.1503E 03 0.925E-04 0.1691E 03 0.1070E-03 01879E 03 0.9250E-04....... .. *2067E 03 0.5350E-04 0.2255 03 0.1 40E-04

-1 0 0 0.0

20o -- -- 4 --o-- 6. 255E 03 0.0 ________
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..2067E 03 0.3490E-02 0.2255E 03 0.4790E-02

-1 0 0 0.0
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_----_- E -AE r As E SYST-MS - iDVI |j N ____THERMOPHYSICS GROUP ANN ARBOR, MICHIGAN
P4k?,' FLlr,T RUN k. B t4 Uu _ERE _ RUlN DATE 08/27/74 fUN TITL- LAGEOS SATELLITE THERMAL ANALYSIS

TEMPERATUOES IN DEGREES C

ImE T( LI T( 31 T( 4) T( 5) T( 6) T( 7) TI 81 T( 9) T( 101 TIME
55.. 0 55.00 54.44 53.8 54.44 53.89 54.44 53.89 54.44 5-j89 0.01. 55.01 55.00 54 53,94 54e42 53,92 5441 53-.9 54-41 5309

2. 0 55.01 55.00 54.47 53.9 14.43 53.93 54.41 53.91 54.43 5 j20.00
30.C 5501 55.00 54.50 54.,00 54.44 53.94 54.42 53.92 54.46 53.6 30.00
43.0) 55.01 55.00 54.52 5.02 5 53.95 54.43 533.93 54.50 54.00 0 009.*9 55.55. 05.00 54.54 54.03 54.46 53.96 54.45 53.95 54.54 54.04 49.99-59.9 5.02 55.01 54.54 54.04 54.48 5397 54.48 5398 54.5 54.08 5999
6. .. 55.02 55.01 54.55 54.05 54.49 53.99 54.51 54.01 54.61 54.10 6 -97'. 9 55.02 55.01 54.56 54.05 54.51 54.01 54.55 54.05 5.62 54. 12 79.99'*09 55.02 55.01 54.57 54.06 54.53 54.01 54.58 54.08 54.63 54*13 89.9999..0 55.02 55.01 _ 54.58 54.07 54.55 54.04 54.60 54.10 54.63 54.13 99'991. 9 55.03 55.02 54.58 54.07 54,56 54.06 54.61 54.11 54.63 54.12 109,99111.*9 55*03 55.02 54.59 54.08- 54.57 54.07 54.62 54.11 54.62 54.11 1149812 9 55.0.3 55.02 54-.59 54.08 54.58 54.07 54.62 54.12 54.61 54.11 129.9813.9 55.03 55.02 54.5908 5459 508 5459 54.08 54.63 54.12 54.61 54.11 139.98149. 9 55.03 55.02 54.59 54.08 54.60 54.09 54.63 54.12 54.61 54.10 1L 9

15').'9 .04 55.03 54.60 54.09 54.61 54.10 54.63 54.13 54.61 54.10 159.98
9.9 55.04 55.03 54.60 54.09 54.62 54.11 54.63 54.13 54.61 54.10 169.98179.97 5~.04 55.03 54.61 54.10 54.63 .54.12 54.63 54.13 54.61 54.10 179.97

169.97 55. 04 55.03 5 4.61 54.10 54.64 54.13 54.63 54.12 546.61 54.10 18997199.9_ 55.04 55.04 4.62 54.11 54.65 54,14 54.63 54.12 54.6L 54.10 199.972 ).r?7 55.05 55.04 54.63 54.12 54.65 54.14 54.63 5412 54.61 54o10 209.97219.ti7 55.05 55.04 54.65 54*14 54.66 5415 54.63 54.12 54.62 54.11 219.97
S25S 55.05 __ 55.04 54.66 54.14 54.66 54.15 54.63 54.12 5462 54.1 225.53

--0 _ _

o



VN -FTq IrS

S --- ~ PC-n i i THEPMOPHYSICS GROUP ANN ARBOR. MICHIGANI-i Fe FLItjGiT RUN .RUN NUtB-H RUN DATE 08/27/74 RUN TITLE LAGEOS SATELLITE THERMAL ANALYSIS

TEMPERATURES IN DEGREES C

t1 ~T - l1) 1 12) TI 25) Ti 261 T( 27) TI 281 T( 29) TI 30) TI 311 T 32 TIME
0.0) 60. 6 , 52.78 17.50 17.50 17.50 16.00 16.00 16.00 15.78 17.72 0.0IU.00 61).61 52.74 17.26 17.26 17.26 15.79 15.79 15.79 15.55 17.49 10.00

20). 0 h.64 52.73 17.04 17.04 17.04 15.57 15.57 . 15.57 .15.33 17.28 20.00
30.00 60.67 - 52..73 16.8 5 165 165 15.7 15.37 15.37 15.14 17.08 30.00
40. b60. 10 52.75 16.68 16.68 16.68 15.20 15.20 15.20 14.96 16.91 40.00
4 .9 6. 6f.12 . 52.77. 16.95 16.55 16.55 15.07 1507' 15.07 14.83 16.78 49.9939.99 6).75 52.79 16*45 16.45 16.45 14.96 14.96 14.96 14.73 16.67 59.99
6'9 60.7 52.81 16.39 16.39 16.39 14.90 14.90 14.90 14.66 16.60 69.99S 6h0.19 52.83 16.35 16.35 16.35 14.86 14.86 14.86 14.62 16.56 79.99...... 60.81 52.84 16.36 16.36 16.36 14.87 14.87 14.87 14.63 16.597 89.9999.')99 60*b 3 52.85 16.41 16.41 16.41 14.91 14.91 14.91 1467 16.61 99.99
..... 19.99.u. 60.84 52.85 16.50 16.50 16.50 15.01 15.01 15.01 14.78 16.70 109.99119.9 . 60.85 52.86 16.65 16.65 ' 16.65 15.16 15.16 15.16 14.93 16.84 119.98129.'.9 6'J.86 52.86 . 16.86 16.86 16.86 15.37 15.37 15.37 15.14 17.04 129.98139.18 60.87 52.86 17.10 17.10 17.10 15.62 15.62 15.62 15.38 17.27 139.98
149.)8 60.88 52.86 17.37 17.37 17.37 15.89 15.89 15.89 15.65 17.54 149.9815.9 . 60b.89 52.86 17.62 17.62 17.62 • 16.15 16.15 16.15 15.91 17.79 159.9810 . d 60.90 52.86 17.85 17.85 17.85 16.38 16.38 16.38 16.1 1.02 169.98
19.91 63.91 52.*6 18.00 18.00 18.00 16.54 16.54 16.54 16.30 18.19 179.97
19.*T 60.91 52.86 19.08 18.08 18.08 16.62 16.62 16.62 16.38 18.28 189.97
199.97 60.92 52.86 18.07 18.07 18.07 16.60 16.60 16.60 16.37 18.28 199.979 209.r7 60.93 52.86 17.98 17.98 17.98 16.51 16.51 16.51 16.28 18.20 209.97
219.97 60.93 52.86 17.82 17.82 17.82 16.35 16.35 16.35 16.12 18.05 219.97225.53 60.94 52.87 17.71 17.71 17.71 16.24 16.24 16200 17.94 225.53

S.-/

ed]



....-. -TEMPERATURES 
IN DEGREES C

TI T TI 35 T TI 37) TI 38) 39) T 40 T 41) T 40.0 17 1 177.72 - 71.22 171.22' 17.78 17.7 733 0.010.00 17.49 17.49 17.02 17.0i 17.8 17.00 17,.56 17.56 175610 0.2008 17.q . 12e 16. 81 .1 6.81 17.35 7- 1F - 17. 160*- 
.1U0.0) 17.08 17.08 16.61 16.61 6 16.59.8 1. 5 17.17 30.00

49.09 16. 16.91 16.44 16.4 16.44 6.42 16.9 16.9 16.9 17.5 30.016.78 1678 16.30 16.0 T6,30 1628 16.86 16,84 16.84 17.i5 49.-99. . *. 16.7 __.16.6-16 .6. 16.1 6. 16. 16.74 16'.f 16.7 17.2  59.9..99 16.0- 16.607 16.12 16.12 16.12 16.10 16.67 16.6 6.67 17,-1 69.99
.. .u9 16.56 16.56 -1608 1608 16. 11663 16.63 16.63 176 7999

9 16.57 167 . 36 161 .1.6.06 16.63 16'. 3  89.9
1b.99 .1 16.1 16. 16.12 16.12 16.0 16.66 16.6 16.66 17.20 99.96.70 16.70 161 11 161 1619 16 109991i62 16..4 .36 • 16.36 16.3 1 6.-89 16.89 16.89 17.42 11 .98 -

149.9 _11.54 17.54 17.05 05 03 1758 17.58 178 18 1 98

6 316. 739 17. 17.32 11 18129.9 17.79 17.79 17,31 17.1 31 1729 84 17 1784 18.3 159.98_____1.0_ 18.02'---- 17.54 17.5-4 j 1j7,5  18.07 1.07 18.07 18,58 169,98
. 179. 9 . 1.19 18.19 .. .71 17.71 1. 1 17.69 " 18.24 18.24 18.24 1876 1 . ..7.-.1..9. 7 .28 18.28 17.81 17.81 17.81 17.78 18.33 133 18.33 --18.85 189.97209.7 1.20 18.2 17.3 17.1 7.78 18.34 18.34 18.34 18.86 199 •

S 18. 2 18.05 17,58 17.70 18,26 18.26 18.26 18,79 209.97
S .05 1.05 17.7 17.58 17.58 17.56 18 .12 18.12 18.65 2 97

.3 17 17. 17.7 17.7 17 17.5 18.01 18.01 8.01 18.55 225.53

-------- -- 2- .. .......-

_.___ . .. _.. ..

..... 3 . . .. .. . . . .. . . .. .
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S3kA" HT-bUjN-"ER R1IN I)ATF 0 /27/74 UN TITLE LAGEOS SATELLITE THERMAL ANALYSIS

S-TEMPERATURES IN DEGEFFS C

TI1,1 Ti 43) TTil 44) T4 45) T( 46) T 47 TI I) T "9T T( 50) TI I T( 521 TIME0.0 . 667 6-6.31666.1 66. 0.56 60.5 6 60.56 9.78 9. 8 9.78 0.0
..o3 .0 6 34 66030 66 66030 60o56 60*54 605l 9.99 9,99 9.99 |0

2u.0,f 6 40 66.26 66.26 66.26 60.57 109 10.00
_00 66*59 66. 6660 60.60 605 00S 66.5 6611 66.11 6 1 6063 6063 606 9 5 9.5 9'95 3000.

4.9 6*30-. 66.15 . . 666 6 60.-3 7--0 
6'70 

9,70 0.009.966.539 66.03 66.03 66.0 
.

6 60.65 8.33 9.3 9...3 49o
*.9 66.4 66.03 66. 66.03 60.07 6007 60.70 8,49 809 8.0 2.997 . ... 66,36 . .6606 . 6 06 6606 6072 60.1 8.49 849' 9.99S. .. .10 -6.0 t 66* 16'. .. 08 G;66016 60.t4 60074 60.74 7.89 7.89 7.-89 9.99

T 9.99 66.36 66 0 111 66'08 66.08 60.75 6075 6075. 7. i72 789 99-- 6iill IF li 7 0"]F- -99.4 -9 -- ---.*16 66.16 66.16 60 77 u 67 627 2 672 9.99.110.0 666.51 . 2 66. 66 2 66 12 60.7 60.7 7. 7 1 9.9

129. 9 66.30 66.27 -66 6811J6,27 0 6079 607, 7*0 715 0
66 66.0.79_601760 7660 6.60 I2 i143.99 66.50 66.29j 66.869 6 080 60080 6080 766 766 766 199814 --6.5 6 3 66.g 6666 .* 0.81 60o1 60.81 .7*75 7.75 7.75

1J. --'66.56 66.48 66. 66 6082 62 6082 78 7.88 .7088 159.9
179.07 66.9 66.5 66.6 5 66.10 60.83 60.83 60.83 8.05 8.05 a.05 169.9918.7 66.92 66.6 66 6 .6 6656 60.84 60.86 60.86 8.31 8.3 8.31 i9
18c).978 6. . .66063 66063 66.63 60.08 60.85 60.85 8.67 8.67 8.67 189.97.9 66.66 666 666 606 6086 .86 9.07 907 9.07 199972. 097 66.98 66.61 66.61 66.61 6086 60.86 60.86 950 950 950 2099
2_ 29.7 0 661 .6667 . 6667 66.7 60.87 60.87 60.87 9.0 908 009 .922. 3 66 ,1 - 663. . 66. 66.63 60.8 7 60.80 . 0. 0 21 9.9L

60.87- 
-0--1--0-0-

____ 66 3 _ 6 . 8 . 8 0 8 0 8 0 8 7 7 . 57 7 
3

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _1 .9
6 6 .56-- 6 6 .48- 6 6 4 _ _ 6 4 8 6 . 2 0 8 6 . 27 . 87 8



ESYST VIIN THERMOPHSICS GROUP ANN ARBOR MICHIGANPlr. RA Fl IrHT PUN RJ4 NUMBFP RUN DATE 08/27/74 RUN TITLE LAGEOS SATELLITE THERMAL ANALYSIS

TEMPEkATIIRES IN DEGREES C

STIE T 53 T 541 T( 55) T 56) TI 571 TI 58) T( 591 TI 601 T( 611 T( 62) TInME
S0.0. 8.50 8.50 8.50 8.28 9..94 9*94 9.94 9.50 9.50 9.50 0.01.... 8.72 8.72 .B72 8.51 10.17 10.17 10.17. 9.75 9.75 9.75 0.002U. ) _ .78 . 8.78 8,78 8.58 10.25 10.25 10.25 983 9.83 9.83 20.00--
30.'0 8*68 8.68 8.68 8.47 10.17 10.17 10.17 9.7 9.76 9.76 30.00 -...... 4u. q4 8.42 8.42 8.22 9.94 994 9.94 9.52 9.52 9.52 40.00- -- ' - -- - --A j - -'44 - - -4-- -. *2 -i- -49.99 .Ob 8.05 8.05 7.84 9.59 9.59 9.59 9.17 9.17 9.17 49-99.1.99 .. 60 .1.60 7.60 7.39 9.15 9.15 9.15 8.74 8.7 8.74 59.99
61.99 . I19 7.19 7.19 6.98 8.74 8.74 8.74 8.33 8.33 8.33 69.9979.99 6.8 6.4 6. 84 6.63 8.39 8.39 8.39 7.97 7.97 7.97 79.9989. 99 6.58 658 6.50' 6.37 8,13 8.1 8.13 7.70 1 770 7.70 8 9999 . .9 6.41 6.4l 6.41 6.20 7.95 7.95 7.95 7.52 7.52 7.52 99.99-I,09*99 6.31 -6.11 6.31 6.10 784 784 84 784 741 7.41 741 10999S1139. 6.27 . 6.27 6.27 6.06 7.80 7.80 * 7.80 7.36 7.36 7.36 i -
12..94 629 . 629 6.29 6.08 781 7.81 7.81 7.37 7.37 7.37 129.9139.98 6.35 6.35 6.35 6,14 7.86 7.86 7.86 7.43 7.43 7.43 139,98 "149.93 4.44 6. 6.44 6.44 6.23 7.94 7.94 7.94 7.51 7.51 7.51 149.9815Q9.9 6.56 6.56 6.56 6.35 8.06 8.06 8".06 7.63 7.63 7.63 159.98,9.98 6.14 6.74 6.74 6.53 8.23 8.23 8.23 7.79 7.79 779 69.98
179.7 7.00 7.f0 7,00 6.80 8.47 8 847 84 804 '8.04 179.9718.97 7377 7.37 7.37 7.16 8.8* 8.82 8.82 8.38 8.38 8.38 189.97
19.97 7.78 7.78 7.78 778 7.57 9.22 9.22 9.22 8.78 8.78 8.78 199.97209.97 8.21 8.21 8.21 8.00 9.64 9.64 9.64 9.21 9.21 9.21 209.97
21 9,97  8.57 8.57 R.57 8.36 10.00 10.00' 10.00 9.58 9.58 9.58 219.97225.53 8.73 8.73 8.73 8.53 10.17 10.17 10.17 9.75 9.75 9.75 225.53

- _____ ______._



_E _iFa I r. H 0JY/tqS-2tVIS/-ON THERMOPHYSICS GROUPANN ARBOR
' FLIGT ej i ATF 08/2/ UN TTLE LAGEOS SATELLITE THERMAL ANALYSIS

TEMPERATURES IN DEGREES C

IF I T63-'--T TI 65 TI 66) T( 671 T( 68) T( 69) T( 70)1 TI 71) I 72) TIME0.0 9.50 10.0i0.Y-0 .o 53.89 53.89 53.89 5 .89 5. 44 0.0
1. .. 9.72 10.22-- 1 10.22 10.71 54.13 53.86 53.86 53.86 54.4 10.00
.0 9.81 10.31 3 0.80 54.14 53.92 53.92 3.92 5.3 20.0030.r . . 2.74 . 05 10.25 10.75 54.04 53.98 53.98 3,98 54540

.0.0 9.5 . O 0.02 10.53 54.02 53.95 53.95 53.95 54.42 40.00149.9 9. . 9,6 _ 968 9.68 10.19 54,107 53,85 53.85 53.85 54.4 49.99
5';. 9 7 .925 .25 7 53.84 53.80 53.80 53.80 5444 59.993. 7.3 2 884 8.84 8.84 9.36 53.75 53.69 53.69 53.69 54.45 69.997909 8.4 4 8.48 9.00 53.70 53.57 53.57 57 57 54.46 9.99..68 8 8.21 8.. 8.73 5373 5343 53.3 53.43 54.46 89.99199.99 7.50 8.03 38. 0 8.03 8.55 53.56 5341 53.4141 .41 54.47 99.99

9 9 2 .92 8.3 53*58 53.34 53.3 5.4 109.9911 . 7.34 7.87 77 7 .87 8.38 53.45 53.35 5335 5335 54.48 119,98_.__ 7.81. _._7--- 87 7.87 839 53.56 5330 .53.-30 53.30 54.48 12909813 ).9 77.*- 7.92 7.92 7.92 8.4 53.51 33 33 5333 3.33 54.9 139.98._ 7.49 4 8.01 8.01 8.01 8.52 53.55 53.34 53.34 53.34 54.49 149.98
15.99 7617 8.12 8.12 863. 5. 53.36 3.36 53.36 5o49 159.98
189.97 7.77 828 82828 8.2 .79 53.57 53.42 53.42 53.42 54.50 169.981797.8.952 02 82 8.52 902 53.63 53.48 53.48 53.48 54.50 1799791. 7 -. .36 8.86 8.86 8.86 9.35 53.73 53.55 53.55 5355 54.51 189.97
1.97 .76 9.26 9.26 9.26 79 53.84 5366 5366 53.66 5452 .199.972_097 ___ 9.9 9.68 9.68 9.68 10.16 53.92 53.80 53.80 53.80 54.53 209.9729.97 . 9....55.. 10.05 . .10.05 10.05 10.53 54.12 53.88 53.88 53.88 54,55 219.977253 9.72 022 10.22 10.22 10.70 54.17 53.94 53o94 53.94 54.56 22S53

' - - -.....



.. '.'I x AF"PACC SY_ .EMS T O VISICN - THERMOPHYSICS GROUP AM ARSOR, MZc.#-N
P..... FLIGHT tIN_ RIJ NIJMREP RUN DATE O0827/74 RUN TITLE LAFEOS SATELLITE THERMAL ANALYSIS

TEMPFkATUPES IN DEGRFES C

.TIF .TI 73 T 741 T 75) T 76 T 77) TI 781 T( 79) TI 80) T( 81) . T 82) TIME0.0 45 4 444 6.44 -6.44 -6.44 -7.56 -7.56 -7.56 -7.72 0.10.0 54.34 54.34 -6.25 -6.25 -6.25 -7.37 -737 -7.37 7.55 -6.05 10.0020..00 543.7 54.37 -6.01 -6.01 -6.01 -7.12 -712 -. -610.0) 54.40 54.40 -5.72 -5.72 - .2 -6.83 .-6.8 -683 -- 3 3;'0.004L.00 54.4? . 54.42 -5.40 -5.40 -5.40 -6.51 -6.51 -6.51 -6.69 -5.22 40.009.99 54.64 54.44 -5.10 -5.10 -5.10 -620 -6.20 -6.20 -6o38 -4.91 '49-5..,9. 54.44 54.44. -4.83 -4.83. -4.83 -5.93 -5.93 -5.93 -6.11 -4.6 59.9. .. 9 5..45 . 54.45 -. 4.6 -4o64 -4.64 -. 75 -5.74' -59.1 -4.43 69997 __4 54.4.--54.46 -4.54 -4.54 -454 -5.63 -5.63 -63 3 -5 .80 79.9".5.46 .. 54.46 -4.54 -4. 4 -4.54 -5.63 -5.63 -5.63 -5.80 -4.3 9.99!'.9 .64.*4 54.47 -4.63 -4.3 -4.63 -5.72 -5.72 -5.72 -5.90 -4.38 99.99 •109.99 54.8 54.48 -4.80 -4.80 -480 -5.89 -5.89 -5.89 -6.07 -4.54 109.99
129.9 54.48 4 54.8 -5.26 -526 - 5.26 -6.36 -6.36 -6.36 -6.53 -4.99 129.98. ) 54.49 54.49 -5.'50 -5.50 -5.50 -6.60 -6.60 -6.60 -6.78 -5.23 139.98

.'. 5. . 54.4 -5.71 -5.71 -5.71 -6.82 -6.82 -6.82 -7.1 -4 9.98159.98 54.41i 5 ..49 -5.90 -5.90 -5.90 -7.01 -7.01 -7.01 -7.19 -5.65 159.98 "
54. 50 ... 54.0 -6.06 -6.06 -6.06 -7.17 -7.17 -7.17 -7.35 -5.81 169.984 54.50 -6.18 -6.18 -6.18 -7.29 -729 -7.29 -7.47 -593 179.97. 5.51 5.51 -627 6.27 -627 -7.38 -7.38 -7.38 -7.56 -6.02 189.97199.97 54.52 54.52 -6.31 -6.31 -6.31 -7.43 -7.43. -7.43 -7.60 -6.07 199.97

---- 2.971.---...... 7 5q53... 54.53 -6.3 -6.31 -631 -7.43 -7.43 -7.43 -7.61 -6.08 209.97
S .7 .5 5.55 -6.25 -6.25 -6.25 -7.37 -7.37 -7.37 -7.54

225.5 54.56 54.56 -6.19 -6.19 -6.19-731 -7.49 -597 225.53

----F--- - --- -~ - . . . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. k t - --- --- TRNEP ASOP YSIC ROU ANN ARBOR, 1IC* IGAN.. FL..........( .g4T 'JN Rtl NIJIFP. 8iifjNI-- I RUN TLE LAGEOS SATELLITE THERMA ANALYSIS

TEMERATURES IN DEGRFES C

I.. ... T 90 1 T T(92) ... ...-. 22 -6.22 -688 T 89 T 90 T 1) T TIE---------- 0.00 -6 . 2 -6. 22 -6 .61 6. -6 6 - 6.67 -6 11 -6.11 -6.11 5.6 0.0.0 -h.05 -6.05 -. 4 -6.4 -6.45 -647 -5.96 .96 - .96000.00 -5.L - -5.81 -621 -21 -6.21 -6.23 -5.3 -573 -5.73 -5.18 2000S .. . 30. -5.1 ' 3 -5.13 -5.93 -5.93 -5.95 -5.4 5.45 -5,5 -4. 91 30.00
... -..... . -5.2 -.5.22 . -5.62 -5.62 -5.62 -5.64 -5.14 -5.14 -5.14 -4.60 0.004;9 -4.91 -4 . -51.31 3-531 -5.33 -4.83 --4.83 -4.83 -4.29 49.99* -4 _ -64 -4.64 -5.03 -5.03 -5.03 -5.05 -55 5 -4.55 .01 5999. -. 3 -4.3 -4.8 -43 -4.83 -45 -4.35 -4.35 -4.35 -3.80 69.99

7 9 -. 32 .. -. 2 .-4. L -4.7L -4.71 -4.73 -4.22 -4.22 .22 -3.68 79.99
0 4.30 -4- .'6 -L -. 69 -4.69 -4.71 -4.20 -4.20 4-4.20--365 8.99t9.9 9 4. -4.38 -4.7 -4.-T -4. -*9 -4.28 -4.28 -4.28 -3.72 99.99. . .* -4.5 -4.54 -- 9 -4.93 -*.94 -4.43 -4.43 -4.43 -3.87 10999L'2d -. 7 44.-5.14 -5.14 -5.16 -4.64 -4.64 -4.64 -4.08 119.981?.*.9 -4.99 -5.38 -5.38 -5.38 -5.39 -4.88 -4.,88 -4.88 -4.3 12 9.98

13. __ -..23 -5.23 -5.62 - -5.62 -5.64 -5.12 -5.12 -5.12 -4.55 139 98*. -. 5.45 -5.5 -5.84 -5.84 -584 -5.86 -5.34 -5.34 -5,34 -477 14998... 159.n - 65 5. 6 5 -6.04 .04 -6.04 -6.05. -5.53 -53 -5.53 -4.97 159.98S -5 .-5.81 -6.20 -6.20 -6.20 -6.22 -5.70 -5.70 -5.70 -5.13 169.9811.7.-5.93 -5.93 -. 3 -6.33 -6.33 -6.34 -5.2 -582 -5.82 -- 5.26 i79.97' 7  -. 0 -6.02 -6.42 -6.42 -6.42 -6.44 -5.92 -5.92 -5.92 -5.35 189.97
199.97 -6.07 -6.47 -641 -6.7 -6.9 -5.97 -5.97 -5.97 -5.41 199.97
219.97 -6082 -6.08 -6.48 -6.48 -6.48 -6.49 -598 -598 -598 -5.42 209.971 7 -6.0 -- 6. 6.2 -6.42 -6.44 -5.93 -5.93 -5.93 -5.37 219.97
22.53 -5.97 -5.97 -6.37 -637 -6.37 -6.39 -5.88 -5.88 -5.88 -5.32 225.53

............................. .-

--- b- -- -

a.-- -- ~- - --- - -- - -- --



.i. ijlx AFnSPACE SYSTUMS VISON THERMOPHYSICS GROUP _ B,
. rLIGHT QtIN PtJ NUMBFR -- iJ EOS 4E RUN T LSTELLITE THERMAL ANALYSI 4AS __

. ........ TPEATURES IN OGRFS CRFS

II~r T 3 3 )i --- ~-- j7----cTi'r T( 931.. T(TT 9|41 9 )5 f _ T1 i97) T(989 T -991 T(IlOOI T(10L) TI 02i TiME

10.od 29.79 29.82 29.82 29.8267 52.51 52.22 52.22 -. 56 -1.56 -1.56 0.09. 2 . . 39,82 . .29.82 29.82 52.51 52.51 52.51 -2.27 -2.4 -2.27 10.00 ......O ? 2.92 29,92 29.92 52.50 5250 52.50 -2.95 -2.95 -2.95 20.0030. 3.02 30.03 3C.0* 30.03 52.50 52.50 52.50 -3.50 -3.50 -3 50 3 .004 0. J 30.15 30.15 30.15 30.15 52.51 52.51 52.51 -3.93 -3.94 3.94 40.0049. '19 30.26 30.28 30.28 30.28 52. 5 2.5 52.3 -4.28 -4.28 -4.28 29.98934.. 30.39 30.38 30.38 30.38 52.56 52.56 52.5 -4.55 -4.5 -4.54 59,99b. 39.45 30*6 - 30.46 30,_46 52.58 _ -52.58 52.58 -. 75 -_ -4 -- -_ . 69.991.. ) 30.49 30. 51 30.51 . 30.51 52.60 52.60 52.60 -4 91- - -4.9 79.99_6.___ 30.2.9 30.5 30.51 30.51 5 6 52.61 5261 -5,03 - 3 -5.03 899 9 .f 9 . 3U*47 30.48 30.48 30.48 52. 5262 52,62 -5.10 -510 -5.10 99.9910?.W 30.41 4 _30.43 30.43 30.43 52.62 52.62 52.62 -5.04 -5. 04 -5.04 109.99)II' 3,J .3 5 30.36 . 3.36 30.36 52.62 52.62 52.62 -4.80 -. 80 -. 80 119.98I .. 3u.273 30.29 30.29 30.29 52.62 52.62 52.62 -4.28 -4,28 - 129.98I_.. . 3U,23 30.22 30.22. 30.22 52.62 52.62 52.62 -3.55 -3o55 -3.55 139.98 -149.9. 3U.l14 .___30.15 30,15 30.15 52.62 52.62 52.62 -2,64 -2,64 -2.64 14498
159.99 3307 __ 30.09 30.09 30.09 52.62 52.62 52.62 -1.73 -1.73 -1.73 159.98

.. . 30,02 .. 30.0 . 30.04 30.04 52.62 52.62 52.62 -0.90 -0.90 -0.90 169.98179.Q7 29.9gq.00 30.00 30.00 52.62 5262 5262 -0.30 -0.30 -0,30 179.97.. . 97 29.95_ 29.96 29.96 29.96 52.62 52.62 5s2.62 . 0.04 0.04 0.04 189.9710'.p7 29.93 29.94 29.94 29.94 52.62 52.62 52.62 0.03 0.03 0.03 199.97S2U.97 29.92 2994 . 29.94 29,94 52.62 52.62 52.62 -0.30 -0.30 -0.30 209.9725.539 29.93 52.63 52. 63 63 -0.88 -0.88 -0.88 21997
S 225.53 29.9 6 2996 2996 5263 563 5.63 -1.29 -1.29 -1.29 225.53-------------------.......

3. 

... ...-

----------



Sf-- - - -- -- -- :_______~

IkENi' x AEOSP aCt SYSTE*MS DIV ri -X 1ocA S StqlVtTLE ___- - ANN ARBOR, MICHIGANP 1-TRI tJ'IRFR RIN A 8 7 U ELAGE-S SATELLITE THE RMAL ANALYS

I TEMPERATU S IN D EGREES C

TIF ; tiO31 T 104'ro) T.i- T 106) T071 108 7T109) 7t110) tclzl TIz- i TIME

.-00 -. 61 -. 361 -. 36- - -1. 6 -156 -1.56 0.0
.,. ..- 3.36 ....- 3., _ __ - .94-11 -2.32 -2.32 -2.32 10.00

0. ..- 4.35. - -. 05 -4-2 -2.62 -2.62 -2.62 - -3.00 -3.00 -30-0 20.00
-- 4.61 -. 9 3 2 -3.12 -0 33 58 -3.5-- 70 . oo

. . -5 .0 -5.06 . - .06 -5.23 -3.6 - . 6 - 5 -4.04 -4.04 -4.04 40.0059.9 ~ .6. -5-- -4.27 -4.27 -. 67 -4.67 -4.67 59.99)99 -05R* -5.88 . -. 8 -6.6 - -4.48 -4.88 -4.88 -4.88 69.99 --* -6.. -.. -. 04 -6.23 -. - .05 -5.05 -5.05 79 997 -6.24 -6. -478 -4 -5.18 -. 8999. .'. -3. -6.75 -3.5 -6.42 -4.86 -4. -4.86 -5.26 -5.26 -5.26 99.99
. .. u - .: -6.1 -68 --- 68.36 4. -4" - 52 -522 109.99-6, -5.02 -ro2 119.98

. -. -6 -4. -4.13 -4.13 -4.54 -. 5 -. 54 12998
.-4.-6 -4.67 - 67--. - 3.42 -3.42 -3.2 -3.84 -3.8 -3.84 139.98

l___-r)  .7 -7-3.7.75 -393 -2.54 -254 -2.54 -2.95 -2.95 -2.95 149.98
S -. 83 -2. -2.8 -3.00 -1.62 -1.62 -1.62 -2.03 -2.03 -2.03 15998S -1.8 -1.37 -1.9837 -2.16 -. 78 -0.78 -0.78 -1.18 -1.18 -1.18 16998

17.37 -1.37 5 -0.1 -0.14 -0.14 -0.53 -0.53 -0.53 179.97
199.97 -1 -. 0 -1.0 1.19 0.24 0.24 0.24 -0.15 -0.15 -0.15 189.97
1209.,97 -1.36 -1.36 -1.3 -1.20 028 0.28 0.28 -0.10 -0.10 -0.10
.. 2109.,7 -1.95 1.36 -1.36 -1.53 -* L1 -0.01 -0.0 -0.38 -0.38 -0.38 209.97225.53 -2.91 -2.37 -12.. 12 -0.56 -0.56 -0.56 -0.93 -0.93 -0.93 21997

-- 7 -. 37 -2.54 -0.96 -0.96 -0.96 -1.33 -1.33 -1.33 225.53

.5.. 
. .... ... . ... .

Le- - 0 5---6 -093 --- *93---__ J
225.5300,93



....T Art ............ __ _ --..
-ehA, -r-soA(."SvsTe,4s fIVISIP __ t. - - -u

tb.T..S (" .TH.... -4 4 ...... Pu. . ANiN ARBOR- -MTCHI[GNP ., M L L(, RUN ,i NURrIN ATE 8/ 2/7 . .AELLIT LAM THERAL ANAY

TEMPERATURES IN DEGREES C

T.-- T11 T(1141 TIllS) TI16 (117) T(-I) 7119) T120 -- T 121 T1I2ME
0.-1 -1.0 -1.06 -1.06 -0.50 32.33 3 33 32.-2.33 589 0.010.03 -2.33 -1*79 -1.79 - 32,1 32.16 16 32.16 54.1 10.000. -3.01 -7.47 -. 47 -. 47 - 3195 31 .97 317 31.97 54.20 . 20.00.... -3.60 -3.06 -3.06 -3.06 -2.4 31.78 31.78 54.20 30.00
.* . -4.05 -3.52 -3.58 -3.52 -2.94 3163 31.6 3 31.64 54.21 40.0049.49 -4.41 -3. . -3.8 -. -3.51 3152 31.52 3..52 54.2 49,9-..91 -4.o9 -4.15 -4.15 - 3142 31.43 31.43 31.43 54.24 59.99.9 -4.90 -4.37 -4.37 -4.37 -3.9 31.36 31.37 31.37 31.37 54.25 .9.9979.99 -5.07 -4.56 -4.54 -4.54 -3.q6 31.30 31.32 31.32 3 7912 427 7.99"9 . -5.20 -4. 7 -4.7 -4.67 -4.09 3 3128 31.28 54.29 89.99-5.28 -4.75 - 75 -475 -4.17 31.25 31.26 31.26 31.26 5.31 99.99.) .9 .- 5. 4 -4.53 -4. 1 3125 31.27 31.27 31.27 54.32 i0999J.q 5.0 -. -. 3 -4.53 -. 9 31.30 31.31 31.31 31.31 56.33 119.98129.-4. 07 -4.07 -4.07 -3.52 31. 31.43 31.43 31.43 54.34 12.98139.9 -3.86 -3.37 -3.37 -3.37 -2?.8 31.60 31.61 31.61 31.61 54.35. 139.9814.98 -2.98 -2.50 -250 - 2.50 -198 31.84 31.31.5 31.5 543 149.98. . . . -2.05 -1. 5t -1.58 -1.58 -1.06 32.11 32.1 3 32.13 32.13 564.3- 159.98. _ -l.1 -0.74 -0.74 -0.74 -0.22 32.38 32.39 . 32o.39 32.39 54.39 169.98. 7. -055 -008 -0. -. 08 0.44 32.61 32.62 32.62 32.62 54.41 179.97139.97 -0.1 0.32 0.32 0.3 093 32.78 32.78 54.42 189.97-0.40 0.12 0.-38 0.38 - 0.9 3283 32.85 32.85 32.85 54.42 199.97

........ 7 .-094 0.2 . 0.2 0.7 32.80 32.81 32.81 32.81 54.43 209.97
225.53 .- 134 -0.2 -0.81 -0.812 0. 32.68 32. 3269 32.69 54.43 219.97.-- 0.8 -0.81 -O.81 -0.23 32.58 32.59 32.59 32.59 54.43 225.53

- -- ~S.'.



p Ixc ' C t .SYSTEsS' 4iVISTON THEkMOPHYSICS GROUP ANN ARBOR, MICHIGAN
. P. j,' FLIGHT _UN PU4 NUM*ER RUN DATE 08/27/76 RUN TITLE LAGEOS SATELLITE THERMAL ANALYSIS

TEMPERATURES IN DEGREES C

it T13 L2 TYl251 izT11261 T1127) T11281 T1i29) T1l301 Tl131) T(132) TIME
1 ..3 53.99 53.89 17.22 Lo -1.17 -1.56 -6.61 -4.72 -5.11 -5*44 -5.83 0.0

10.00 _ 54.19 54.19 17.00 -0.45 -0.84 -6.43 -4.96 -5o35 -5.13 -5.52 10.00
20. T 54.20 54.20 16. 78 -0.02 -0.40 -6.18 -5.15 , -5.54 -4.54 -4.93 20.00
30.0) 54.0 54.200 16.58 0.06 -0.32 -5.90 -5.30 -5.68 -3.74 -4.12 30.00
4 0. ' 5. 1 54.21 16.41 ___ -0.72 -0.60 -5.58 -5.41 -5.79 -2.77 -3.15 40.00
'4999 54.23 54.23 16.28 -0.80 -1.18 -5.27- -5.40 -5.78 -1.83 -2.20 49.99
.5.7 54.24 54.24 16.18 -1.60 -1.97 -5.00 -5.26 -5.64 -0.98 -1.35 59.99
69.99 54.25 _ 54.25 16.11 -2.38 -2.75 -4.80 -4.82 -5.20 -0.39 -0.76 69.99
79.99 54.27 54.27 16.07 -3.09 -3.46 -4.69 -4.10 -4.47 -0.09 -0.45 79.99
. '.q 54.29 54.29 16.07 -3.66 -4.03 -4.68 .- 3.17 -3.55 -0.16 -0.53 89.99
'19.. 'T 54.31 . 54.31 16.12 -4.10 -4.47 -4T77 -7.14 -2.51 -0.55 -0.92 99.99
.13q. 9 4.32 54.32 16.22 -4.44 -4.82 . -4.94 -20 -120 -57 -1.20 -1.57 109.99

1_.__ 54.33 54.33 16.36 -4.7r -5.09 -5.16 -0.42 -0.79 -1..98 -2.35 119.98
179.9 54.34 54.34 16.57 -4.92 -5.30 -5.4Q 0.06 -0.31 -2.71 -3.08 129.98
3I.Ir 54.35 54.35 16.81 -5.08 -5.47 -5.65 0.22 -0.15 -3.36 -3.72 139.98

149.1) 54.37 54.37 17.08 -5.21 -5.60 -5.87 -0.00 -0.37 -3.86 -4.23 149.98
15.99 54.38 54.38 17.34 -5.26 -5.64 -6.96 -0.53 -0.89 -4.25 -4.62 159.98

_. 54.39 54.39 17.57 -5.17 -5.56 -6.22 -1.30 -1.66 -4.56 -4.93 169.98
17".97 54.41L 54.41 17.73 -4.84 -5.22 -6.3 -2.11 -2.48 -4.80 -5.17 179.97
1 *97. 54.42 54.42 17.81 -4.20 -4.59 -6.44 -2.85 -3.22 -4.99 -5.36 189.97
S19.97 54.42 54.42 17.80 -3.35 -3.74 -6.48 -3.46 -3.q3 -5.14 -5.51 199.97
29)v.97 54.43 . 4.43 17.71 -2.35 -2.74 -6.49 -3.94 -4.31 -5.25 -5.62 209.97
?71.9.7 54.43 54.43 17.55 -1.40 -1.78 -6.43 -4.31 -4*68 -5.24 -5.62 219.97
225.53 54.43 54.43 11.45 -0.91 -1.29 -6.37 -4.48 -4.85 -5.18 -5056 225.53



. -____~ ~- -- __ _R ----- _

- 'i( I K A-rtJSPACE SYST.F.Vsi .... D THFRMUPHYSICS GROUP ANN ARBOR-M -CHI GANP. '~.~FL IGI RUN POUN NI4EER IUIfATF 08/27/7'4 PUN IL LAGciEOS SALLT THR AL~iYSIS

.EMPERATURES IN DEGREES C

TE T(1331 T(134) -T(1351 T(1361 .T1137) T(1381 T(11391 71140! T141i T TIME0.0 -1.72 -22.06 66.67 32.17 31772 29.67 31.28 30.89 0.0 ..56 0.0lo.n -2.46 -2.81 66.35 32.49 32.05 29.78 31.23 30.83 31.11 30" 1 0.00--
-2,.n!) -3.15 -3.50 66.... "2.77 32.34 29.88 31.18 3.78 31.30 30dO . . O0-------. 3 4.9 6,~ -- :- 88--~ V 31*18 -3CY* 78 ----. 20Z--. 73 .- 4.09 .6639 32.92 3249 29.99 31.13 30.74 31.58 31.18 30.000........-4.17 _ -454 66.33 32.92 . . 9 30.11 31.10 30.1 31.90.00

-4.,52 -4.89 8*, -4.79 - 89 -66.20-32.7 3' 236 30.23 31 0.1 32.0 90 _ 49.99. -. 79. -5.16 . 66.76 32.55 32.12 30.34- 3e.16 30.76 32.63 32.23 59.99S 9 . -5.00 -5.38 66.24 32.29 3186 30.2 31.30 30.91 32.86 32.46 . 69.99..... . -'. 16 - -5.5. 66.23 - 3?.04 31.61 30.7 31.53 3113 32.9 8 32.58 7.-99S-5.29 . -5.67 66.24 31.84 31.41 .3047 31.80 31.40 32.96 32.5 "- 89.99
-5.36 -5.7 66.25 31.69 31.26 30.44 32.09 31.69- i.84 32484 32.4 99-99.. - . ------ 5.30 ... _. -5.69 66.27 * 31.57 31.13 30.39 32.34' 31.94 32e64 32.24 1099L~c~,-50080 -5046 0 9P----... . -5.46 66.3 3 7 31.0 30.32 32.56 32.16 32.,39 31.99 119.59i'12-. .. -4.57 . -4.95 66.37 31.40 30996 30.25 32.74 32.34 32.16 31.76 129.8I . -3.83 -4.?? 66.4.3 31.34 30.91 30.18 32.85 32.45 31.94. 98 --.. -93 3.31 66.50 3130 306 3011 3286 32.6 31.77 31.36 1998

i q -1066.58 --- : -0 0 3 2946 3 Ii.1.2 . ---- .37- 66.58 3.27 30.83 30.05 32.76 32.36 31.62 31.22 1599
---------- -- 1 14, 1 5 2 66 6 27.8 .AA 159098.. 14 -1.52 66.66 27 3084 30.00 32.58 32.18 31.51 31.11 169,987. 7 . -0.50 -0.81 66.73 3134 30.90 29.95 32.35 31.95 31.642 31.02 179.97IR .q7 _ -0.14 -0.52 66.78 3168 -. 31.04 29.92 32.12 31.72 31.35 30.95 189.97. .. -0.13 -0.51' -- 6o 31.69 31.25 29.90 31.92 31.51 3e30 30.90 199.972U'.97 . -0.45 . -0.83 66.79 31.96 31,52 2989 31.75 3134 31.26 308-6 209.97

-1.0 -147 607 3086 209,,97.97 -1.03 -1.41 66.77 32.26 31.83 29.90 3.61 3121 " 3125 3085 219.97?25.53 . -31.45 -1..82 6675 32,43 31.99 2991 31.55 31.15 31.25 3 5 22553

. . . ... . ......--------

N_ 
.__ __ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _



. NIA F? Fn sACF- Stf itV- 6i41-eO THERMOPHYSICS GROUP ANN ARBOR, MICHIGAN

. .l, FLI(,T kUN AtI NUVER UN DATE 08/27/74 RUN TITLE LAGEUS SATELLITE THERMAL ANALYSIS

TEMPERATIjRES IN DFGREES C

t 1E T -14 I44)-- 1 5) T1146) T(147) T4148) T1l49) TI501O TIL511 j1I52 TIME3:.29 32. 31.3 66.1 317 3172 2967 31.28 30.89 31,00 30.61 0.01. .32j.13 31.70 66.22 -32.51 32.07 29.80 31.25 30.85 31.13 30.72 10.00
2.. -- 31.13 31.50 66.17 32.78 32.35 29.90 3119 30.80 31.31 30-91 20.0010.00 I1.74 r31.32 66 . 32.93 32.50 30.00 31.15 30.75 31.59 31.19 30.00:*-l ) 31.59 31.16 66.07 32.93 32.51 30.12 31.11 30.72 3195 31.55 0.00
4'i.99 31.47 31.04 66.05 32.80 3237 30.24 3112 30.73 32.31 31.91 49.99
5.'. 31.38 30.95 66.02 32.56 32.i 30.36 31.17 30.78 32.65 32.24 59.999. '* .31.31 30.88 66.00 32.30 31.87 30.44 31731 3092 32.88 32.4- 69.99
79. 31.26 0.083 65.99 32.06 31.63 30.48 31.54 31.15 32.99 32.59 79.999. .. 31.23 - .380 65.49 31.86 31.43 30.49 31.81 31.41 .32.98 32.58 89.99
_.99 31.20 30.78 6601 31.70 31.27 30.46 32.10 31.70 32.85 3.45 99.99I :).17 31.21 30.7A 66.03 31.58 31.15 30.41 32.35 31.95 32.65 32.25 109.9911j'.3 31.25 30.82 66.01 31.48 31.05 30.34 ' 32.57 32.17 32.41 32.01 119.98129.) 31.3 30.93 66.12 31.41. 30.98 30.27 32.76 32.36 32.17 31.77 129.98
S13.)8 31.5 31.11 66J.-I- 3 6  30.92 30.20 32.87 32.47 31.96 31.56 139.98
1 . .. 31.79 31.35 66.26 31.31 30.87 30.13 32.87 32.47 31.78 - 31.38 149.98
15_.9 32.06 31.63 . 66.34 31.28 30.85 30.06 32.?7 32.38 31.64 31.24 159.981_. ... 32.33 31.90 66.42 31.29 30,85 30.01 32.59 32.19 31.52 . 3112 169.98
17 .97 32.57 32.13 66.49 31.35 30.91 29.97 32.36 31.96 31.44 31.04 179.97

.'j.~ 7 32.73 ... 32.30 66.54 31.49 31.05 29.93 32.14 31.73 31.37 30.97 18997 .19.l 3. 32o.O 37 66.56 31.70 31.26 29.91 31.93 31.53 31.32. 30.92 199.97209. 7 32.78 32.35 66.56 31.98 31.54 29.91 31.76. 31.36 31.28 30.87 209.97
219.97 32.66 32.23 66.53 32,28 31o84 29.91 31.63 31.22 31.26 30.86 219.97
225.53 32.56 32.13 66.51 3244 32.01 29.93 31.56 31.-16 31.27 30.87 225.53

"Al&



_ _~__-"-- -__-t-C ~r~~-
A(t I4 -%PflSp&cF $TEoA.S DI VI SI- THFRM0PHYSICS GROUP ____a MZCH'EG'AF L Ir G4T R IN 4 NUmIBF1 - l ___ 6Tit06174 , NTIL UA~l~r~wj~~~ Sf-______

TFPPPER TU&E S iN DOF C-, R F.-S- -C

()-) - '2.33 31.89 -(1 6 - 3TY 3 ~-~-- 0.~-----
... .1.94--- - 31.5f 6 .5.. . ... ...

T(54 31076 .31*33 5 (1 '15

i-~ 30 0_6_•

4_ Q10 '61.60 
.i 7'' l

49.99 54--.O 03;i~,fe o~C

...........TrT L 3 .... .J 4 (1553 T1.5 1 T 17) __ (___ 8, 11 9 ('.O_) 1'1 .*' T (i62 TI------__-|__

,. .. : 333.1. 3 _.o 6.56 53. 3. 33 52o.2 .89 53. - $3 A563 85--.--_0.. ... 319 31.70 60.5 54.22 53.72 52.5 1 54o7 53-7 , 5368 0 6, 0_-

...../-.- , .~3-1_:76.q ... 31.51 60.5 54.25 53.75 s5. 54 53.6T-''- - 5-3.69 2iV o00"

1 )....... u . ... 133 . (). 60 5.28 533 652.5503.- 5390 - - , ------... 1.60... .18 60.63 54.30 5300 52 . 54.19 5 1-4-3"2 S. 40.00 ..... 31. .. 31.0 . 60.65 54.31 -53.81 52.53 4 541 537 40 53o01- 4.. 49499-

.. . . 99. .. 31.40 .i 30.97 .... .067-- -54.32 53.81 52.6 4.4 3.74 54.3$ _ 3,8 5 9.9

.... 3.3 30.90 60. 3 .4.2 538877 54.38 53.88 .- -69.99

.. . ... *". .... 31.2 1 _--_.30.85 -__ 0.72 54.33 53.82 52.60 54.31 53.31 54.40 53,90- 79.g99____ "'.24 30.81 .. .. 60-.73 54.33 53.83 5261 5435 53.8 4 I 5 -- 390- 8999"

9.9' 31.22 430.79 6075 54,34 5383 52062 5437 5387 54.40 39 99 99

__ _ iT). _ 3.22 .- ... 30.80 60.77 -__ 54,34 53,84 52,62 5438 5388 5440 5390 . 109 .9 '

31. 30.8 678 5435 53.84 52.62 54,3 5 5389 19.98.. 31.3q 30.5 607 5.35 5384 52.62 54.0 53.89 54.38 53.88 1 29 8
31 54o39 iI) 5 8 2f9- 31.5o 31.13 60.80 54.35 584 5262 5440 53.90 54.38 53.87 1399

30 .. 31.37 60.81 54.35 53.85 52.62 54.41 5390 543 53.8714.985. . 32 .0 31.64 60.82 54.36 53.85 52.62 54.41 5390 543 387 159.98-G9.98 32.34 ..... 31.91. 60.3 54.36 53.85 52.62 54 .41 53.90 54.37 53.86 16i9,g89.'7 32.58 32.15 .60,84 54. 37 53.86 52.62 54.40 53,90 5437 53.86 179;97.37 32.74 32.31 60.85 54.38 53.87 52.62 54.40 53.89 54.37 53.8.6 199 _ 32.82 . 32.39 60.85 54.39 53.8 5262 5440 53.89 5437 53.86 199.972 0 9. 91 -3 ? 3 2 * 3 6.--- 54.40 CA?).9 ... -32. 36. 60.6 54.40 53,8 52962 54.40 53.89 54.37 5386 2099T2 1 7 32.67 . 32.24 60.86 54 42 53.91 52.63 539 53.89 5438 53.87 219.9?225.53 32. _ 32.14 6087 54.43 53.9 52.63 539 5388 538 5387 2253

-. .- -- ------- ----



. E.~ b QSPACV SYSTE1 S DIVISiON THERMOPHYSTCS GROUP ANN ARBOR, MICHIGAN
S - FL IGHT DUN -~tJN NUMRER RUN DATF 077/74 HUN TITLE LAGEDS SATELLITE THERMAL ANALYSIS

._ TEMPERATURES IN DEGREES C

t1 .. 1T4) TI201T 0f2) T'203) TIZ204 TI205) T(2061 TI .01 TI 01 TIME
.. .. 9 5. 3.33- -2.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 0.0

10. 00 54.19 53.69 -273.33 -273.33. -273.33 -273.33 -273.33 -273.33 O.0 0.0 1.00
2 .00t 54.20 53.70 -273.33 -273.33 -273.3* -273.33 -273.33 -273.33 '.O 0.0 20.00
30.00 . 54.20 53.70 -273.33 -273.33 -273.33 -27 3.3 3 -273.33 0.0 0.0 30.00
4 ,.0 54.21 53.71 -273.3 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 40.00

4. .5423 53.72 -273.33 .--- 273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 49.99
.59.) 54.24 23.74 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 59.99-

6 9. 5f4i 5 53.75 -273.33 -273.33 -33 .33 -73.33 -273.33 -273.33 0.0 0.0 69.99
S. 79.. 54.27 53.77 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 .0 0.0 79.99

.9 54.2 ...9 53.79 -273.33 -- 273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 89.99
99.49 54.31 53.80 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 99.99

310.9 5l.32 53.82 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 109.99
119.9 54.33 53.83 -273.3Y -213.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 119.98
1-9.0j 54.34 53.84 -213.33 -273.33 -2733 -2733 -273.33 -273.33 -273.33 0.0 0.0 129.98
S.3.9 .. 54 .35 ... 53.85 -273.33 -273.33 -273.3 -273.33 -273.33 -273.33 0.0 0.0 139.98
l19.9 54.31 53.86 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 149.98
I. 3 .54.38 53.87 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 159.98
. .. .r 54.39 53.89 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 169.98
17 54L 53.90 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 179.97
19.97 5.42 53.91 -773.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 189.97
199.97 54.42 53.92 -273.33 -273333 2-273.33 -273.33 -273.33 -273.33 0.0 0.0 199.97.
2U.91 54.43 53.92 -273.33 -273.33 -273.33 -273.33 -273.33 -273.33 0.0 .0 209.97
219.97 54.43 53.92 -273.33 -213.33 -273.33 -273.33 -273.33 -273.33 0.0 0.0 219.97
225.53 54.43 . 5 3.92 -273.33 -273.33 -273.33 -273.33 -2?3.33 -273.33 0.0 0.0 225.53

4 -.. .... ..--........... ..... - _ __ _ _

'- - - - - - ~ '+
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BENDIX PHASE B LAGEOS

THERMAL/OPTICAL/ VIBRATION ANALYSIS AND TEST PROGRAM

OVERALL OBJECTIVE

VERIFY, THROUGH ANALYSIS AND TEST, THAT MSFC LAGEOS DESIGN
PROVIDES A THERMAL ENVIRONMENT WHICH MAINTAINS ACCEPTABLE
RETROREFLECTOR GRADIENTS (I. E., < 50% DEGRATION FROM
ISOTHERMAL PERFORMANCE).

SPECIFIC OBJECTIVES

- DEVELOP LAGEOS THERMAL MODEL AND CONDUCT THERMAL ANALYSIS
TO PREDICT RETROREFLECTOR THERMAL BEHAVIOR.

- PREDICT OPTICAL PERFORMANCE UNDER VARIOUS THERMAL CONDITIONS.

- PROCURE AND FABRICATE TEST HARDWARE REQUIRED TO REPRESENT
LAGEOS DESIGN FOR PURPOSES OF ENVIRONMENTAL TESTS.

- ACCOMPLISH THERMAL, OPTICAL AND MECHANICAL VIBRATION TESTS TO
VERIFY THAT THERMAL MODEL AND THERMAL ANALYSIS PREDICTIONS ARE
REPRESENTATIVE OF SATELLITE PERFORMANCE.



LAGEOS

BENDIX PDR PRESENTATIONS

THERMAL SESSION

THERMAL PARAMETRIC AND SATELLITE ANALYSIS

THERMAL/VACUUM TESTS

OPTICAL SESSION

THERMAL/OPTICAL ANALYSIS

THERMAL/OPTICAL TESTS

DYNAMICS SESSION

VIBRATION TESTS

ACOUSTICS
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LAGEOS

THERMAL DESIGN/ANALYSIS/TEST OUTLINE

RATIONALE FOR TEST ITEM THERMAL DESIGN

PRETEST THERMAL PREDICTIONS FOR TEST ITEM

THERMAL/VACUUM TEST RESULTS

CORRELATION OF ANALYSIS/TEST DATA.

SATELLITE THERMAL PERFORMANCE PREDICTIONS

CONCLUSIONS AND RECOMMENDATIONS



LAGEOS

THERMAL DESIGN, TEST AND ANALYSIS
SUMMARY OF RESULTS AND CONCLUSIONS

CLOSE AGREEMENT BETWEEN PRETEST/POST TEST THERMAL PREDICTIONSAND RETROREFLECTOR TEST TEMPERATURE LEVELS (MOST TEMPERATUREPREDICTIONS ARE WITHIN 50 C OF THEIR CORRESPONDING TEST LEVELS).

APPROXIMATE 20% DEGRADATION IN OPTICAL PERFORMANCE FROM ANISOTHERMAL CORNER DUE TO THERMAL PERTURBATION (MAXIMUMALLOWABLE DEGRADATION IS 50%o).

THE PROPOSED THERMAL/STRUCTURAL MOUNTING SCHEME (TEST ITEM)PROVIDES THE REQUIRED RETROREFLECTOR OPTICAL RETURN LEVEL.

SHIGH DEGREE OF CONFIDENCE THAT THERMAL/OPTICAL SATELLITE FLIGHTPERFORMANCE PREDICTIONS WILL BE ACCURATE.



LAGEOS

THERMAL/OPTICAL DESIGN OBJECTIVES

. PROVIDE A THERMAL DESIGN WHICH MAINTAINS INDIVIDUAL
RETROREFLECTORS IN A NEARLY ISOTHERMAL STATE TO
OPTIMIZE OPTICAL PERFORMANCE.

. HIGH THERMAL RESISTANCE MOUNTING OF RETROREFLECTORS

1. LOW IR EMITTANCE OF CAVITY, AND

2. LOW THERMAL CONDUCTANCE BETWEEN
RETROREFLECTOR TAB AND ASSOCIATED
MOUNTING RINGS.

. UTILIZE THERMAL/OPTICAL COATINGS AND FINISHES ON
SATELLITE EXTERIOR SURFACE THAT MINIMIZE
RETROREFLECTOR- TO- CAVITY TEMPERATURE
DIFFERENCES.



LAGEOS

ORBITAL ENVIRONMENT PARAMETERS

ORBIT CHARACTERISTICS

ORBITAL ALTITUDE = 5900 KM
EQUATORIAL INCLINATION = 1100
ORBITAL ECCENTRICITY 

'- 0.01
SATELLITE ATTITUDE = NO PREFERRED ORIENTATIONSATELLITE SPIN RATE = NO SPIN

ORBITAL HEATING CONSTANTS*

MAXIMUM DIRECT SOLAR = 1412.5 W/M 2 (WINTER SUN &
MEASUREMENT ACCURACY TOLERANCE)

MAXIMUM ALBEDO = 38.1 W/M 2 (ALBEDO REFLECTANCE = 30%)
MAXIMUM EARTH IR = 66. 5 W/M 2 (-19C EQUIVALENT BLACK
BODY TEMPERATURE).

-BASED ON INFORMATION CONTAINED IN MSFC TMX-64627 ANDS&-E-ASTN-PF 72-67.

i-



LAGEOS

ORBITAL ENVIRONMENT PARAMETERS

. ORBIT CHARACTERISTICS

ORBITAL ALTITUDE = 5900 KM
EQUATORIAL INCLINATION = 1100
ORBITAL ECCENTRICITY I 0.01
SATELLITE ATTITUDE = NO PREFERRED ORIENTATION
SATELLITE SPIN RATE = NO SPIN

. ORBITAL HEATING CONSTANTS*

MAXIMUM DIRECT SOLAR = 1412. 5 W/M 2 (WINTER SUN &MEASUREMENT ACCURACY TOLERANCE)

MAXIMUM ALBEDO = 38. 1 W/M2 (ALBEDO REFLECTANCE = 30%)

MAXIMUM EARTH IR = 66. 5 W/M 2 (-19C EQUIVALENT BLAEKBODY TEMPERATURE).

*BASED ON INFORMATION CONTAINED IN MSFC TMX-64627 ANDS&E-ASTN-PF 72-67.



LAG EOS

THERMO-PHYSICAL PROPERTIES

RETROREFLECTOR

THERMAL CONDUCTIVITY TEMP (oC) K (CAL/SEC CMOC)

-50 0.0030
20 0. 0033
100 0.0035

SPECIFIC HEAT 'TEMP (oC) Cp (CAL/GMoC)

-100 0.12
-50 0.14

0 0.17
100 0.23

SPECIFIC GRAVITY = 2. 20
IR EMITTANCE = 90%
VOLUMETRIC SOLAR ABSORPTANCE = 5%

SATELLITE (BARE MACHINED ALUMINUM)

SOLAR ABSORPTANCE = 37%
IR EMITTANCE = 5%

NOTE: AFTER CORRELATION WITH THERMAL/VACUUM TEST DATA THE
RETROREFLECTOR VOLUMETRIC SOLAR ABSORPTANCE WAS MODIFIED-
TO 2.5% AND THE SATELLITE SOLAR ABSORPTANCE WAS MODIFIED TO
15%. ALL OTHER THERMO-PHYSICAL PROPERTIES REMAINED THE
SAME.

0,



LAGEOS

PRETEST RETROREFLECTOR AND MOUNT THERMAL PREDICTIONS*

LOWER U PPER
ENVIRONMENTAL RETRO RETRO KEL-F KEL-F RETAINER RETRO RETROCONDITION CAVITY FACE RING RING RING &T AXIAL 4T RADIAL
FULL SUN, NO IR +300C 2. 80 C 30. 10 C 51. 10 C 51. 30 C 1. 90 C 1.30
NO SUN, IR +30 0 C -12. 10 C 29. 80 C 14. 9 0 C 14. 90 C 1. 4 0 C 0. 9 0 C
NO SUN, NO IR +30 0 C -20. 90 C 29. 80 C 12. 40 C 12. 40 C 1. 60 C 1. 10 C
FULL SUN, NO IR -30 0 C -34. 7 0 C -29. 80 C 6. 90 C 7. 20 C 1. 00 C 0. 6 0 C
NO SUN, IR -300C -51. 70 C -30. 10 C -35. 50 C -35. 50 C 0. 40 C 0. 3oC
NO SUN, NO IR -30 0 C -64. 50 C -30. 10 C -38. 20 C -38. 20 C 0. 6 0 C 0. 50

NOTE: CHAMBER PRESSURE AND TEMPERATURE MAINTAINED AT LESS THAN 1 x 10-6 TORRAND -185 0 C, RESPECTIVELY

*BARE, MACHINED 6061-T6 ALUMINUM SATELLITE AND RETAINER RING EXTERIOR SURFACE FINISH

t-.



LAGEOS

THERMAL ANALYSIS OF RECESSED RETROREFLECTOR*

RETRO
ENVIRONMENTAL RECESS CAVITY FACE .TAXIAL &T RADIALCONDITION DEPTH TEMP TEMP

NO SUN, NO IR 1. O MM +30 0 C -20. 90C 1. 60 C 1. 10 C
1.0 CM +30 0 C - 7. Z0 C 1.Z 0 C 0. 80C

SUN, NO IR 1. 0 MM +300C 2. 80 C 1. 9 0 C 1. 30 C

1.0 CM +30 0 C 18. 30 C 1.4 0 C 0. 9 0 C

NO SUN, IR 1. 0 MM +30 0 C -12. loC 1. 40 C 0.9

1. 0 CM +30 0 C 2. 10 C 0.9 0 C 0.6

NOTE: PRELIMINARY STUDIES CONDUCTED BY MSFC INDICATED THAT FOR 1.0 CM
RETROREFLECTOR RECESSION THE SATELLITE OPTICAL RETURN COULD BE
REDUCED BY 30% DUE TO OBSCURATION.

"BARE, MACHINED 6061-T6 ALUMINUM SATELLITE AND RETAINER RINGS.



LAGEOS

RETROREFLECTOR TEMPERATURE GRADIENT INPUT TO ITEK

ITEK CASE RETROREFLECTOR RETROREFLECTOR
NUMBER 6T AXIAL &T RADIAL DESCRIPTION

2. 4. b. 2 . 90 C 1. 3BARE, MACHINED, 6 061-T6 ALUMINUM2.4. b. 2 C . 3C RETAINER RING AND SATELLITEi + 30 0 C
CAVITY; FULL SUN; NO IR.

2. 3. a. 1 1. 0 C 0. 4 C Z-93 COATING ON RETAINER RING AND
SATELLITE EXTERIOR SURFACE; BARE,
MACHINED ALUMINUM CAVITY AT
-30 0 C; FULL SUN; NO IR.

2.3. a. 2 3. 5 C 2. 0 0 C ESTIMATED MAXIMUM
RETROREFLECTOR TEMPERATURE
GRADIENTS.

2. 5. a 2. 00 C 00 C HYPOTHETICAL AXIAL TEMPERATURE

GRADIENT.

NOTE: ISOTHERMAL RETROREFLECTOR TEMPERATURE = 25 0 C (USED IN ITEK CASENUMBERS 2. 1, 2.2, AND 2 .4. a.)



LAGEOS

RESULTS OF PRETEST THERMAL DESIGN PARAMETRIC STUDIES

INDEPENDENT HEAT TRANSFER PARAMETRIC STUDIES CONDUCTED AT
MSFC AND BxA INDICATED THAT THE FOLLOWING THERMAL DESIGN
FEATURES ARE NECESSARY TO ACHIEVE A NEARLY ISOTHERMAL
RETROREFLECTOR.

1. LOW CAVITY IR EMITTANCE - BARE, MACHINED
6061-T6 ALUMINUM POSSESSES AN IR EMITTANCE
OF 5%.

2. LOW MOUNT CONDUCTANCE - KEL-F RINGS WERE
DESIGNED TO PROVIDE A 0. 003 TO 0. 005 INCH
RETROREFLECTOR TAB/MOUNT CLEARANCE TO
MINIMIZE CONDUCTION HEAT TRANSFER.

3. REFLECTIVE THERMAL CONTROL COATINGS FOR
SATELLITE EXTERIOR SURFACES - LOW SOLAR
ABSORPTANCE/HIGH IR EMITTANCE COATINGS
REDUCE RETROREFLECTOR/CAVITY TEMPERATURE
DIFFERENTIALS AND HEAT INTERCHANGE.



LAGEOS

DESCRIPTION OF THERMOCOUPLE FIXTURE Retainer
Ring

I Upper
Kel F

THERMOCOUPLE FIXTURE CONTAINS TWO Ring
INSTRUMENTED ALSEP RETROREFLECTORS AND AL EP
IS MOUNTED TO THE LAGEOS THERMAL/VACUUM Retro
TEST FIXTURE.

Lower
. CONDUCTIVE MOUNTING INTERFACE FOR LAGEOS/ Kel F

ALSEP RETROREFLECTORS IS IDENTICAL. Ring

. LAGEOS/ALSEP RETROREFLECTORS ARE EXPOSED
TO IDENTICAL INTERNAL AND EXTERNAL RADIATION
THERMAL ENVIRONMENTS. THERMOCOUPLE

FIXTURE

. ADDITIONAL THERMOCOUPLE INSTRUMENTATION
LOCATED ON UPPER AND LOWER KEL-F RINGS,
RETAINER RING, AND RETROREFLECTOR CAVITY.

LAGEOS RETROREFLECTOR PANEL TEMPERATURE WAS
ALSO MONITORED.

ul



LAG EOS

COMPARISON OF THERMAL ANALYSIS/TEST DATA

THERMAL ANALYSIS THERMAL TEST

ENVIRONMENTAL RETRO RETAINER RETRO RETAINERTEST NUMBER DATE/TIME CONDITION CAVITY FACE RING CAVITY FACE RING

19 8-13-74/0723 NO SUN, NO IR -30. OOC -64.5 0 C -38. 20 C -30.0 0OC -62. 50 C -36.0 o C

9 8-9-74/0711 NO SUN, IR -30.0OC -51.7 0 C -35.5 0 C -30. 50 C -47. 0C -33.5OC

8 8-9-74/1456 FULL SUN, NO IR -30.0 0 C -34. 7C 7. 20 C -29.5 0 C -43.5OC -17.0 0 C

3 8-10-74/0226 NO SUN, NO IR +30.0OC -20.9 0 C 12.4 0 C 30.5 0 C -23.5 0 C 21.0 0 C

6 8-9-74/2330 NO SUN. IR +30.0OC -12. 10 C 14. 90 C 29.0 0 C -13. 50 C 21.5 0 C

4 8-9-74/2000 FULL SUN, NO IR +30. OOC 2. 8 0 C 51. 30 C 29. S5C -20. OoC 21.5 0 C

t-
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LAG EOS

POST TEST THERMAL ANALYSIS AND ANALYSIS/TEST CORRELATION (TEST ARTICLE)

ANALYSIS 
TEST

ENVIRONMENTAL RETRO RETAINER RETRO RETAINERTEST NUMBER DATE/TIME CONDITION CAVITY FACE RING CAVITY FACE RING
5 8-12-74/1621 NO SUN. NO IR 60.0 0C 1. 00

C 36. 50
C 61. 50Oc . 1. 00

C 38. 00
C

4* 8-9-74/2000 FULL SUN, NO IR 30.00 C -10.loC 29.1 C 29. S5C -20. 00
C 21. 50C

8* 8-9-74/2330 FULL SUN, NOIR -30.0OC -50.8C 18.6c -29. 5C -43. 50 C -17. 00
C

*CORRELATED THERMAL/MATHEMATICAL MODEL (BASED ON THERMAL VACUUM TEST DATA).

1. RETROREFLECTOR VOLUMETRIC SOLAR ABSORPTANCE MODIFIED FROM 5. 0% TO 2.5%.
2. SOLAR ABSORPTANCE OF BARE, MACHINED ALUMINUM MODIFIED FROM 37% TO 15%.
3. ALL OTHER LAGEOS THERMAL ANALYSIS ASSUMPTIONS REMAIN UNCHANGED.

t-
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RETROREFLECTOR THERMAL GRADIENT INFORMATION*
(THERMAL ANALYSIS)

ENVIRONMENTAL CAVITY RETRO AT AT
CONDITIONS TEMP FACE AXIAL RADIAL

NO SUN, NO IR -30°C -65.4 0 C 0.6 0 C 0.5 0 C

NO SUN, IR -30 0 C -51.7 0 C 0.4 0 C 0.3 0 C

FULL SUN, NO IR** -30 0 C -50.8 0 C 0.8°C 0.5C

NO SUN, NO IR +30 0 C -20.9 0 C 1.6 0 C 1.1 0 C

NO SUN, IR +30 0 C -12. 1C 1.4 0 C 0.9 0 C

FULL SUN, NO IR** +30 0 C -10. 1C 1.8 0 C 1. 20 C

NO SUN, NO IR +60 0 C 1.0 0 C 2.4 0 C 1.5 0 C

*BARE MACHINED. 6061-T6 ALUMINUM RETAINER RING
**CORRELATED THERMAL MODEL



LAGEOS

SATELLITE THERMAL ANALYSIS ASSUMPTIONS*

ORBIT PARAMETERS

ALTITUDE = 5900 KM
EQUATORIAL INCLINATION = 1100
ECCENTRICITY < 0.01
FULL SUNLIT ORBIT (NO ECLIPSE)

SATELLITE ATTITUDE

SPIN RATE = 0
SATELLITE EQUATOR PLANE PERPENDICULAR TO ECLIPTIC
SATELLITE EQUATOR AND TERMINATOR ARE COINCIDENT

SATELLITE THERMAL/OPTICAL PROPERTIES

EXTERIOR SURFACES (SATELLITE STRUCTURE AND RETAINER RINGS)'/
as/eir = 0. 5/0.05 (BARE MACHINED 6061-T6 ALUMINUM)

INTERIOR SURFACES
dr = 0.05 (BARE MACHINED 606 1-T6 ALUMINUM)

*SATELLITE THERMAL ANALYSIS INCLUDES CORRELATED PROPERTIES OF RETROREFLECTOR
VOLUMETRIC SOLAR ABSORPTANCE AND SATELLITE SOLAR ABSORPTANCE.

i-
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LAGEOS

DESCRIPTION OF SATELLITE THERMAL/MATH MODEL

ITEM NODE IDENTIFICATION NUMBER OF NODES

BALANCE WEIGHT 1, 2 2(30M20456)

HALF SPHERE 3-12 10
(30M20459)

INDIVIDUAL 25-42 RETRO #1, FULL SUN 18 PER RETRORETROREFLECTORS 50-67 RETRO #2, 450 OFF SUN 72 TOTAL
(50M24461) 75-92 RETRO #3, 180- OFF SUN

100-117 RETRO #4, 900 OFF SUN
INDIVIDUAL 43 RETRO #1 4RETAINER RINGS 68 RETRO #2
(50M23170) 93 RETRO #3

118 RETRO #4

INDIVIDUAL 44-49 RETRO #1 6 PER RETRO
KEL F RINGS, 69-74 RETRO #2 24 TOTAL
UPPER & LOWER 94-99 RETRO #3
(50M24459, P/N 1 & 2) 119-124 RETRO #4
COMBINED RETROS, 125-164 40KEL F RINGS,
RETAINER RINGS

SPACE 201-206 6

TOTAL NODES . 158

TOTAL NUMBER OF RADIATION AND CONDUCTION RESISTORS = 483



SATELLITE STRUCTURE STABILIZATION TEMPERATURES

LAGEOS SATELLITE THERMAL ANALYSIS, BARE MACHINED ALUMINUM FINISH
FLIGHT RUN RUN OATE 08/27/74

. 1 SATELLITE BALANCE WEIGHT 0 11 SATELLITE STRUCTURE. SUN SIDE
6 12 SATELLITE STRUCTURE. DARK SIDE

68

64

60

'56

48

S25 50 75 10 125 I50 175 250 22 -- 0II ME MIN)

8ENOIX-RAEROSPACE SYSTEMS DIVISION

.- t5
L*J

- e a ----

------------------------------------------------

8EN01X-AEROSPCE SSTES DIVISIN



TYPICAL RETROREFLECTOR TEMPERATURE RESPONSES
LAGEOS SATELLITE THERMAL ANALYSIS. BARE MACHINED ALUMINUM FINISHFLIGHT RUN RUN DATE 08/27/74

t 31 RETRO FACE. SATELLITE SUN SIDE ( 56 RETRO FACE. 45 DEGREES OFF SUN
20 81 RETRO FACE. SATELLITE DARK SIDE < 106 RETRO FACE. SATELLITE TOP SIDE

I -

-1 --------------------- ---

0

-S

d-10
S100 

125 I 475 200 225 250BN AEROSPACE STIMEYSTEMS DIVISIMIN
N BENOIX AEROSPACE SYSTEMS OIVISION



RETROREFLECTOR TEMPERATURE DISTRIBUTIONS,
SATELLITE SUN SIDE

LRGEOS ~ATELLITE THERMAL ANALYSIS. BARE MACHINED ALUMINUM FINISH
FLIGHT RUN RUN DATE 08/27/74

1 11 CAVITY. RETRO ( 25 RETRO. TAB

70 & 31 RETRO. MIDOLE FACE < 42 RETRO, APEX

60

u 0
30

30 5 75 10 125 15 200 225 20

00175 200 225 250

TIME (MIN)
BENDIX AEROSPACE SYSTEMS DIVISION



RETROREFLECTOR TEMPERATURE DISTRIBUTIONS,
SATELLITE DARK SIDELAGEOS SRTELLITE THERMAL ANRLYSIS, BARE MRCHINED ALUMINUM FINISHRUN ODATE 08/27/74

(9 12 CAVITY. RETRO
60 - 81 RETRO. MIODLE FACE 75 RETRO. TAB- 92 RETRO. APEX

48

36

a-

m 24

12

-12-1 2 02 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0 2 2 5 _0
DC TIME (MINI - 25BENDIX AEROSPACE SYSTEMS OIVISION



LAGEOS

SUMMARY OF SATELLITE FLIGHT THERMAL ANALYSIS RESULTS*

RETRO #1 RETRO #2 RETRO #3 RETRO#4LOCATION FULL SUN 450 OFF SUN 1800 OFF SUN 900 OFF SUN AVERAGE
RETRO
TEMPERATURE 16.0C 8.56C -7.5C -2.50C 3.6oC
AT AXIAL 2.5°C Z22 C 2. .2C 

. 3 .C 2. 30C
AT RADIAL 1.7°C 1.50C 1. 3C 1.20C 1.46C
NOTE: 1. SATELLITE CORE TEMPERATURE = 54.0 ° C.

2. APPROXIMATE 80C GRADIENT ACROSS SATELLITE STRUCTURE.

*BARE MACHINED 6061-T6 ALUMINUM SATELLITE AND RETAINER RINGS.

tn



LAGEOS

EFFECT OF RETROREFLECTOR TEMPERATURE GRADIENTS
ON OPTICAL PERFORMANCE

ISOTHERMAL OPTICAL THERMALLY PERTURBED OPTICAL PERFORMANCE
PERFORMANCE THERMAL/OPTICAL THERMAL/

ANALYSIS OPTICAL TEST
ITEM ITEK FFDI BXA/ITEK BXA SATELLITE FFDI DATA

THERMAL/OPTICAL ANALYSIS

RETRO FACE
TEMPERATURE 25.0 0 C 25.0 0 C 2. 8C 3. 6 C -5.0 Cl

RETRO
AT AXIAL 0°C 0°C 1.9C 2.3 0 C

RETRO

AT RADIAL 0°C 0°C 1.3 0 C 1.4 0 C

OPTICAL
RETURN 17.7%2 12.4% 16.9%2 13.570

ANALYSIS: RETROREFLECTOR TEMPERATURE GRADIENTS DEGRADE OPTICAL PERFORMANCE BY
5% FROM ISOTHERMAL RETURN.

TEST: RETROREFLECTOR TEMPERATURE GRADIENTS IMPROVE OPTICAL PERFORMANCE BY 9%
FROM ISOTHERMAL RETURN.

NOTES: 1. TEST RESULTS ADJUSTED TO CORRESPOND TO 54.0* C SATELLITE CORE TEMPERATURE.
2. CORRESPONDS TO 0' FIELD ANGLE, X /4 WAVEFRONT, AND TOLERANCED DI HEDRAL

ANGLES (1.0", 1.5", & 2.0").



LAGEOS

THERMAL DESIGN/ANALYSIS/TEST CONCLUSIONS

. THE PROPOSED LAGEOS MOUNTING ARRANGEMENT (TEST ITEM) PROVIDES ADEQUATE
THERMAL CONTROL FOR THE RETROREFLECTORS.

" CLOSE CORRELATION BETWEEN THERMAL/OPTICAL ANALYSIS AND TEST RESULTS.

. HIGH DEGREE OF CONFIDENCE THAT PREVIOUSLY SPECIFIED THERMAL/OPTICAL
DATA WILL BE REPRESENTATIVE OF ACTUAL LAGEOS SATELLITE ORBITAL
PERFORMANCE.

-J



LAGEOS

THERMAL DESIGN RECOMMENDATIONS

* RETROREFLECTOR CAVITY SHOULD POSSESS A LOW (LESS THAN 5%) INFRAREDEMITTANCE TO ENHANCE RADIATIVE ISOLATION.

* RETROREFLECTOR MOUNTING RINGS SHOULD HAVE LOW THERMAL CONDUCTIVITYAND SHOULD PROVIDE MINIMAL OR NO CONTACT WITH THE RETROREFLECTOR TABS.

. THERMAL COATINGS/FINISHES WHICH ARE APPLIED TO THE SATELLITE EXTERIORSHOULD BE OF LOW SOLAR ABSORPTANCE (HIGH VISIBLE REFLECTANCE) TOPERMIT TRACKING BY GROUND STATIONS.

. NO PARTICULAR LEVEL OF EXTERNAL IR EMITTANCE IS RECOMMENDED SINCEIT APPEARS TO HAVE AN INSIGNIFICANT EFFECT ON RETROREFLECTOR OPTICAL
PERFORMANCE.

,t
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LAGEOS

POTENTIAL THERMAL CONTROL COATINGS/FINISHES* FOR SATELLITE EXTERIOR SURFACES

THERMAL/OPTICAL
PROPERTIES

COATING/FINISH (as/fir) ADVANTAGES DISADVANTAGES

BARE, MACHINED 0.15-0.37/0.05 CLEAN SURFACE IS STABLE TO UV IRRADIATION; SOLAR ABSORPTANCI.: OF UNTREATED6061-T6 ALUMINUM EASY TO ACHIEVE; NO MASKING OF CAVITIES ALUMINUM SUBJECT TO WIDE VARIATIONS;(CLEANED & DEGREASED) NECESSARY. SURFACE MUST BE HANDLED WITH CARE.
6061-T6 ALUMINUM, 0.46/0.30 CLEANED SURFACE IS STABLE TO UV IRRADIATION; DIFFICULT TO APPLY UNIFORMLY;ROUGHIIENED (GRIT DOES NOT REQUIRE METICULOUS HANDLING CAVITIES MUST BE MASKED.BLASTED) TECHNIQUES.

ANODIZED 6061-T6 0.52/0.86 INITIAL OPTICAL PROPERTIES ARE SATISFACTORY; IN ONE YEAR as DEGRADES TO 0.72 IN UVALUMINUM, 0.001 INCH RELATIVE EASY TO APPLY. ENVIRONMENT; CAVITIES MUST BE MASKED.THICK (PER MIL-A-8625,
TYPE II)

fIT'S Z-93 0. z0/0.90 PREVIOUSLY FLOWN ON ALSEP LRRR MISSIONS; DIFFICULT TO APPLY AND KEEP CLEAN,(WHITE INORGANIC STABLE. a S DEGRADES TO 0.30 IN ONE YEAR; CAVITIES MUST BE MASKED.COATING) SMALL ADDITIONAL DEGRADATION IN
SUCCESSIVE YEARS.

VACUUM DEPOSITED 0.15/0.05 NO MASKING OF CAVITIES NECESSARY; HIGH MODERATELY DIFFICULT TO APPLY;ALUMINUM VISIBLE REFLECTANCE; STABLE. EXTREME HANDLING PRECAUTIONS ARE(1200- THICK) 
NECESSARY.

VACUUM DEPOSITED 0. 25/0.05 NO MASKING OF CAVITIES NECESSARY; STABLE. MODERATELY DIFFICULT TO APPLY;EXTREME HANDLING PRECAUTIONS ARE
NECESSARY.

*THERMAL COATINGS/FINISHES SELECTED ON THE BASIS OF COMPATIBILITY WITH 6061-T6 ALUMINUM, LOW SOLAR ABSORPTANCE (HIGH VISIBLEREFLECTANCE), AND STABILITY.

N
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LAGEOS THERMAL/OPTICAL ANALYSIS PRESENTATION

PURPOSE OF THERMAL/OPTICAL ANALYSIS - BENDIX

SUMMARY OF ANALYSIS CASES/RESULTS - BENDIX

OPTICAL ANALYSIS EFFORT - ITEK



LAGEOS

PURPOSE OF THE OPTICAL ANALYSIS

GENERATE PREDICTED OPTICAL PERFORMANCE FOR THE LAGEOS
RETROREFLECTOR UNDER ISOTHERMAL AND VARIOUS THERMAL
GRADIENT CONDITIONS FOR COMPARISON WITH THERMAL/OPTICAL
TEST RESULTS AND TO PROVIDE CONFIDENCE IN THE LAGEOS
DESIGN.

- TO DEMONSTRATE THAT OPTICAL PERFORMANCE PREDICTIONS
CAN BE GENERATED FOR THE LAGEOS RETROREFLECTORS UNDER
VARIOUS ORBITAL THERMAL CONDITIONS, USING AN OPTICAL
ANALYSIS RETROREFLECTOR MODEL AND A THERMAL ANALYSIS
SATELLITE MODEL, TO SUPPORT FUTURE LAGEOS SATELLITE
SYSTEM OPERATIONS.



LAGEOS

SUMMARY OF OPTICAL ANALYSIS CASES/RESULTS

LASER % RETURN IN
TEMPERATURE FIELD ANNULUS (32-CASE DESCRIPTION GRADIENT ANGLE 41 i RAD RADII)

2.1 PERFECT; 1.5" ISOTHERMAL 00 18.42.1 PERFECT; 1.5" ISOTHERMAL -150 9.62.2 X/4; 1.5" ISOTHERMAL 0 °  18.02.2 X/4; 1.5" ISOTHERMAL -15, 8.82.4.a X/4; 1.0", 1.5", 2.0" ISOTHERMAL 00 17.72.4.a X/4; 1.0", 1.5", 2.0" ISOTHERMAL -15 °  8.62.3.a.1 X/4; 1.5" ATa = 1.0*C, ATr = 0.4 0 C 00 18.02.3.a.2 \/4; 1.5" ATa = 3.5*C, ATr = 2.0 0 C 00 17.12.3.b X/4; 1.5" ATa = 1.9*C, ATr = 1.3*C 00 17.22.3.b X/4; 1.5" ATa = 1.9*C, ATr = 1.3*C -150 8.32.4.b.2 X/4; 1.0", 1.5", 2.0" ATa= 1.9°C, ATr = 1.3*C .0 16.92.4.b.2 X/4; 1.0", 1.5", 2.0" ATa= 1.9*C, ATr= 1.3*C -15 °  8.12.5.a X/4; 1.5" ATa = 2.0*C, ATr = 0*C- 00 15.92.5.b X/4; 1.5" ATa = 0*C, ATr= 2.00C 0 ° 4.2
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TOPICS

* PURPOSE/OBJECTIVES

* SUMMARY OF RESULTS

* ASSUMPTIONS/INPUTS

* TECHNIQUES/MODEL

* OUTPUT

* CONCLUSIONS/FUTURE EFFORT

LJ



PURPOSE/OBJECTIVES

ANALYTICALLY PREDICT LAGEOS OPTICAL PERFORMANCE/SENSITIVIy

MODEL INDIVIDUAL RETROREFLECTOR

* MATERIAL

S-MANUFACTURING

* SURFACE QUALITY

* ANGULAR ANOMALIES

SENVIRONMENTAL LOADING



PURPOSE/OBJECTIVES CONTINUED

FAR FIELD CHARACTERISTICS

* FIELD ANGLE

* POLARIZATION EFFECTS

0 ENCIRCLED ENERGY

4 FAR FIELD PATTERN



FAR-FIELD CHARACTERISTICS

- KIINTENSITY
-15o

I /
1.5 ARC-SEC CORNER

51511 RADIANS, TYP

10(

FAR FIELD DIFFRACTION PATTERN

0 100 200
FIELD , RADIANS

ENCIRCLED ENERGY

00



SUMMARY - NOMINAL CUBE CORNERS

% ENCIRCLED ENERGY, 32 TO 42p RADIAN REGION, TYP.

( ASSUMES 100% INPUT @ 00)

0 150

* 1.5 -ARC-SEC 21.6 10.8

* 2.1 ARC-SEC 14.9 7.3
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SUMMARY OF SENSITIVITY RESULTS - 3D TEMPERATURE MAPS

(FACE COOL, EDGE WARM)

+30oc CAVITY, W/SUN, W/O IR 0 UP TO 1.1% CHANGES
* 1.9C ATA, 1.3oC AT

-300 C CAVITY, W/SUN, W/O IR 0 UP TO 1.1% CHANGES
* 1.0C ATA, 04 0 C ATR

9 ESTIMATED MAXIMUM * UP TO 1.0% CHANGES
0 3.50 C ATA' 2.0oC ATRfTA 2.O TR



SUMMARY OF SENSITIVITY RESULTS - UNIT LOADS

dw = 5dn(s) ds

NOMINAL
RAY PATH

1.5C AXIAL GRADIENT * 1ST REMOVES ' ERROR, THEN ADDS
* 21.2 -.. 10% (ENERGY TO CORE) -18.0%

* 2.00C RADIAL GRADIENT * UP TO 16.1% LOSSES

w

C

I -WFW

WF



ASSUMPTIONS/ INPUTS

0 MATERIAL *T-19 SUPRASIL 1 (SPECIAL) -6

*AMERSIL DATA - N(), )n/4T (>,T,P)-7 to 8.5 x 10-6/ C
* HOMOSIL, COOSERVATIVE

REAL EDGE
GEOMETRY LINEAR POL. PLANE

1mm

19.24 mm

38.10 nm '

1.5 ARC-SEC -- *27.93 mm
s2 0 mm MAX. EDGE BEVEL

o

SLASER * 6328A, FLAT WF, CENTERED
* 20% GAUSSIAN VARIATION OVER 50 mm DIAMETER



TOTAL INTERNAL REFLECTION

LIGHT REFLECTS AND POLARIZATION STATE IS CHANGED

02-D, CARTOON 3-D, INTERFEROGRAM

SECTOR
Y SECTOR

x

X LEADS y

--- REAL EDGE
LINEAR POL. PLANE, "Q"

PHASE DIFFERENCE

NOTE AMPLITUDE VARIATIONS

t-l



TECHNIqUES/MODEL

GEOMETRY

ENVIRONMENT
WF EVALUATION

(AMPL. & PHASE)
, INPUT BEAM

O POL.
--- MFG. AT

FAST FOURIER
TRANSFORM

EPSF-2 ORTHOG.
POL.

ENCIRCLED
ENERGY

ACCURACY ' 1% IN ENCIRCLED ENERGY
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ITEK LASER SCANNER RECORDER PHOTOGRAPIS

4 (PERFECT BK7 CORNER)

"f" -61 ' OF TOTAL ENERGY

P 39 : OF TOTAL ENERGY



16.

CONCLUSIONS

* ALL ENCIRCLED ENERGY DATA AVAILABLE FOR TEST CORRELATION,
* RETROREFLECTOR RELATIVELY INSENSITIVE - )A/4, +0.5 ARC-SEC,
* SENSITIVITY TO CONSTANT ERROR - < 6.8% CHANGES/0.5 ARC-SEC,
a 3-D TEMPERATURE PROFILES EFFECT 32 - 42PRAD. " 1%.
0 AXIAL GRADIENTS COMPENSATE WEDGE/RADIAL GRADIENTS.
* INDEPENDENT GRADIENT TYPES HAVE FAIRLY HIGH SENSITIVITY.



17.

RECOMMENDATIONS-ADDITIONAL EFFORT

(DEPENDENT UPON CUSTOMER/INVESTIGATOR NEEDS)

TEST CORRELATION 0 SPECIFIC CORNER ANGLES/GEOMETRY
* TEST EqUIPMENT EFFECTS
0 INTERFEROMETRIC/PHOTOMETRIC INPUT

*FIELD ANGLE/APODIZATION REFINEMENT
* INCIDENT WF QUALITY

* FAR FIELD INTENSITY CROSS CHECK.S

w ALTERNATE 's, .TREATMENT OF ARRAYS/POL. VARIATIONS

"TRANSFER FUNCTION" SUPPORT



18.

1.5 ARC SEC CORNER

ENCIRCLED ENERGY IN THE

32-42 MICRORADIAN RANGE

CASE 
% FULL

ENERGY 32-42P .RAD
ON AXIS

NOMINAL CUBE 21.6 10.8
NOMINAL CUBE 21.2 9.8
+A/4

NOMINAL CUBE 20.4 9.4
+X/4 +30*C CAVITY

NOMINAL CUBE 21.1
+A/4 +(-)30 0C CAVITY

NOMINAL CUBE 20.2
+x/4 + EST. MAX.

OFF NOMINAL CUBE 20.8 9.8
+A/4 9.

OFF NOMINAL CUBE 20.0 9.2
+x/4 + 300C CAVITY

NOMINAL CUBE 18.0
+X/4 + AXIAL GRAD.

NOMINAL CUBE 5;:
+X/4 + RADIAL GRAD.

L-51



2.1 ARC-SEC CORNER

ENCIRCLED ENERGY IN THE
32-42 MICRORADIAN RANGE

CASE --------CASE FULL
ENERGY 32-421 RAD

ON AXIS

NOMINAL CUBE 14.9 7.3
NOMINAL CUBE 13.3 6.9+X/4 13.3 6.9

NOMINAL CUBE 12.3 6.2
+A/4 + 30C CAVITY

NOMINAL CUBE 14.4
+x/4 + (-)30 oc CAVITY

NOMINAL CUBE 13.8
+A/4 + EST. MAX.

OFF NOMINAL CUBE 13.6 6.9+A/4

OFF NOMINAL CUBE 12.5 6.2+x/4 +30°C CAVITY

NOMINAL CUBE 19.8 -+)/4 + AXIAL GRAD. -

NOMINAL CUBE 1.2+A/4 + RADIAL GRAD.

L-52



LAGEOS

THERMAL/OPTICAL TESTS

- PURPOSE OF THERMAL/OPTICAL TESTS

- SUMMARY OF TEST RESULTS

- SUMMARY OF TEST CONDITIONS

- DESCRIPTION - TEST SET-UP

- TEST ARTICLE DESIGN

- FAR-FIELD DIFFRACTION INSTRUMENT

- TEST FIXTURES

- DETAIL TEST RESULTS

- CONCLUSIONS & RECOMMENDATIONS

t7"
Un



PURPOSE OF THERMAL/OPTICAL TESTS

EXPERIMENTALLY DETERMINE THE THERMAL/OPTICAL
PERFORMANCE OF THE LAGEOS SATELLITE RETROREFLECTOR/
MOUNT DESIGN:

- UNDER ORBITAL WORST-CASE THERMAL/
VACUUM CONDITIONS

- AFTER EXPOSURE TO SATELLITE VIBRATION
QUALIFICATION LEVELS

I-(U7



LAGEOS

THERMAL/OPTICAL TEST RESULTS SUMMARY

- MAXIMUM DEGRADATION DUE TO W/C THERMAL CONDITIONS IS35% (FOR RETROREFLECTOR E AT a = 0 AND NO SUN - NO IR AT+30C CAVITY CORE TEMPERATURE)

- NO SIGNIFICANT DEGRADATION DUE TO VIBRATION EXPOSURE

- BASIC RELATIVE ANNULAR-TO-FULL FIELD RETURN, AT ISOTHERMALAMBIENT, VARIES FROM 6-12%, BETWEEN DIFFERENT RETROREFLECTORSAT DIFFERENT ORIENTATIONS (RELATIVE TO LASER LINEAR POLARIZATIONORIENTATION), AND FOR NORMAL.LASER INCIDENT ANGLE.



LAGEOS

SUMMARY OF THERMAL/OPTICAL TEST CONDITIONS

NO. OF

LASERRETROREFLECTOR TEST ARTICLE TEST TEST POST INCIDENTORIENTATION TEMP. DESCRIPTION NO. VIB ANGLES*

oA = 0 AMBIENT ISOTHERMAL-AMBIENT 1 8eB = 90 15 8
c = 80 16 8

24 X 15
ISOTHERMAL- VACUUM 2 15

17 15
18 15

-30C NO SUN-NO IR 7 15
THERMAL/VACUUM NO SUN-1 EARTH IR 9 8

1 SUN-NO IR 8 8
+30C NO SUN-NO IR 3 15
THERMAL/VACUUM NO SUN-1 EARTH IR 6 .8

1 SUN-NO IR 4 8
+60C NO SUN-NO IR 5 15 (8)
THERMAL/VACUUM

c!



LAGEOS

SUMMARY OF THERMAL/OPTICAL TEST CONDITIONS

NO. OFRETROREFLECTOR TEST ARTICLE TEST LASTEST POST INCIDENTORIENTATION TEMP. DESCRIPTION NO. POST INCIDENT
VIB ANGLES*

eD = 60 AMBIENTD = 60 AMBIENT ISOTHERMAL-AMBIENT 10
BE = 40 

10__ 

_ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _8__ _ _ _ _ _ _ _OE = 20 ISOTHERMAL-VACUUM 11(8)
NO SUN-NO IR 19 158THERMAL/VACUUM 19 15+30C NO SUN-NO IR 1 1THERMAL/VACUUM 2 15

0D =60 AMBIENT=  10BIENT 0 ISOTHERMAL-AMBIENT 20, 20A X 15F = 20 ISOTHERMAL-VACUUM 13 X 15 (8)
130 X 15 (8)-300 NO SUN-NO IR 1THERMAL/VACUUM 21 X 15+30C NOSUN-NOIR 1X151

THERMAL/VACUUM 14 X 15 (11)+60C 
NO SUN-NO IR 22THERMAL/VACUUM 22 X 15

* NO. OF LASER ANGLES: 8 (A, D: a = +30, +15, -30) NOTE:
B, E4 a = +15, 0 NOTE:C, F: a = 0 ( ) ORIGINAL PLAN

TEST NO. > 14 ARE ADDED
15 (A, B, C a = +30, +15, 0, -15, -30) ABOVE ORIGINAL PLAND, E, F



Lamar Beam Le Beam Solar Beam

C4.

00o

4e
00

Viewed from Laser Viewed from Solar
Optical Window Simulator

SOLAR AND LASER FIELD ANGLES AND RETROREFLECTOR ORIENTATION-
4

00



) THERMOCOUPLE LOCATI',N
[] POWER CIRCUIT

LAGEOS
T-T VACUUM
ARTICLE

LEVELING PLATE OTHRU - 5 MU.AT R -IH

LASER. COLDWAL L
WINDOW LN

FFDI AR MI
• .- ,---. .. A R

TASL - "8 FT PA C

ROTARY-LINEAR SIMULATQ -
MANIPULATOR CHAMBER

DATA a

( AC( UISITION
SYSTEM T

SLAR POWER PANFI
HE AT -RADIOMETERS

EXCHANGER.... PUMP

CHAMBER
CDNTROL

LAGEOS CONSOLE
THERMAL/OPTICAL TEST SET-UP

%
,0



I

1

LAGEOS

L-60



LAGEOS

Data Acquisition System,
Power Panel and Test FixtureManipulator

L-61



LAGEOS

Far-Field Diffraction
Instrument and Optical
Window Assembly

Is- -

ON1

r'J:
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L
-6

3



DESIGN PARAMETERS REPRESENTED IN TEST ARTICLE

DIRECTLY REPRESENTED:

RETROREFLECTOR MOUNT DESIGN
CAVITY DESIGN
RETROREFLECTOR RECESSION (1 MM)
RETROREFLECTOR DESIGN
MOUNT RETAINER RING SURFACE FINISH (BARE, MACHINED ALUMINUM)
CAVITY INSIDE SURFACE FINISH (BARE, MACHINED ALUMINUM)
SOLAR HEATING OF RETROREFLECTOR AND MOUNT
EARTH IR HEATING OF RETROREFLECTOR AND MOUNT

INDIRECTLY REPRESENTED:

SATELLITE SPHERICAL SHAPE
CAVITY PATTERN
SATELLITE OUTSIDE SURFACE FINISH

BY PROVIDING RESULTING CAVITY CORE TEMPERATURE



TEST ARTICLE DESIGN

PROVIDE, DIRECTLY, DESIGN PARAMETERS WHICH AFFECT RETROREFLECTOR
THERMAL/OPTICAL PERFORMANCE.

PROVIDE MOUNTING FOR SIX (6) LAGEOS RETROREFLECTORS.

PROVIDE 3 X 2 PATTERN.

PROVIDE . 060 MINIMUM SPACING TO REPRESENT SATELLITE MINIMUM
SPACING.

PROVIDE TIE-DOWN HOLES FOR MOUNTING.

FABRICATED FROM SAME MATERIAL AS SATELLITE.

OVERALL SIZE BASED ON EARLY BASELINE; NO CHANGES AFTER TESTFIXTURES WERE DESIGNED.

SETS OF THREADED HOLES IN CAVITIES TO PROVIDE FOR RETROREFLECTORORIENTATIONS.



- 6UnC-a TAP .tSO DEEP 24 PtACES, LGO 005 DA K.ESEE DETAIL G TAWP LETTErS IN e -7
CONFIGURATION 2

. [EF.EDGE US[

CONFIGURATION 3

CONFIGURATION I SECTION A-A
scALE 2/

LAG EOS

TEST ARTICLE ASSEMBLY



---- 7.125 ---.
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28-o
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.A 
.

-"'s o D(A. THRU
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Z.40o °' ,$ 1.5a - ---- --

Z. 0 
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LAGEOS

RETROREFLECTOR/RING MOUNT ASSEMBLY

rn4l/voA R/ Re TA a ReLire ri

"PPE 
ov 

Z 30

p A

.02/

* o, , . ."

2 .3+, +3 "

-0, -.0

f/ ICAe 6W /4,'Al iq r 15 3s
77, /, . o w O o . .

O 2 0 ' +3'

00- 00'

J/PB oC n A/T

oo /5



LAGEOS

UPPER MOUNTING RING
NOTE
L REMOVE BURRS AN~, lEREIAKr EDGES .OIO MAY
2. ALL BLEJND RAUI TO-BE .0O2

TYP

TYP 1.520A
+ .000

.62 -. oo 233.005

D IA.

.860
DIA

300 REF

.. +.oO 0

.001+Al.oo,
.093 DIA 3 HOLES + -. 000
EQUALLY SPACED ON .055 TYP -. 156
1.6 0 .oo ,DIA B.C. 22'30'

+ 30'
- 00'

9o O1 SECTION A-A

SECTION E-B



LAGEOS
toTE: LOWER MOUNTING RING
i. RE LQVE E ,URRS A , BREAY EDES .oto t ,.
2. A.. B._ND R \\ TO B .O- 2.

RI RA .aoTIR .0O10
--. ,-.

.1. 515 DIA
. 0O

+.000 .. . . .125 -. 004
.621/ -. 001
DIA

S1.80/ .*000
1. 850 DI/AA. lto, i

REF 1 P

30"
TYP

- .3 1 -.o -\+D0 1 "" t.8o o

.03-.004

°093 DIA 3 HOLE TP _1.872 DIA + 30 . oECIA LLY SPACED
ON -t.690 o 0 --" E .C. - .-

3 PLACES
EQUALLY SPACED

sSECTON A-/A

SECT/GN B-,3
sc.aL. - OLM



RETAINER RING
' 3OTE
1. REMOE BU.RRS AMN BR EA.I -S .OO5MA . .

+.000 . - "I~~~~~~~~- -OO .. i4.oo
-.OO
I/-- .15 OD1 X 8 2

c'sUNK 3 HOLES
EQUALLY SPACED

ON 1.690oo±.0 DIA B.C.

+.0OC

1. 515 IA

.038 ±.00?

-yI
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TEST FIXTURE SUMMARY

- THERMAL/OPTICAL TEST FIXTURE

- OPTICAL WINDOW AND SHIELD ASSEMBLY

- FAR-FIELD DIFFRACTION INSTRUMENT (DEVELOPED AS BxA CAPTIAL EQUIP.)

- FAR-FIELD DIFFRACTION INSTRUMENT SUPPORT PLATE

- THERMOCOUPLE FIXTURE
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A A- -----

3 Ea SPACES

3 EQ SPACES

X 2

STAMP LETTERS IN
ASSEMBLY CONFIGURATION PANEL AS SHOWN

SECTION A-/A
SCALE 2/1

2-- .39 00'o
i. 3., _-4.03 .3 2 .PLCS 2-56 UNIC-z TAP.250 DE.

6 PLCS ,N /. 69C t.0 C DIA.BC.
(SEE ASSEMBLY CONFIGU RATION
FOR HOLE ORIENTATI,-N)

o I

IC .oo 1.188
i.2. . ....

1 .00 2.16 .1

.I25 DIA DRILL TIIRU 2 PLC-

LAGEOS

THERMOCOUPLE FIXTURE



II 
LAG EOS

THERMOCOUPLE FIXTURE
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19 RETAINER 25
UPPER RING 24,1

RETRO RETRC
X RETRC

17.4] LOWER RING 21- 23- - ]

ALSEP RETROREFLECTORS

12 13

-- TC WIRE
S '-- EXIT

x, y I

THERMOCOUPLE FIXTURE

0-11
IO---. o-- II

THERMOCOUPLE LOCATIONS

TEST ARTICLE PANEL



FFDI PERFORMANCE REQUIREMENTS

GENERAL

OPERATE AS THERMAL/VACUUM/OPTICAL 
TEST INSTRUMENT

OPERATE AS RETROREFLECTOR INSPECTION INSTRUMENT

OPTICAL

* WAVELENGTH - 6328-

* BEAM DIAMETER - 50 MILLIMETERS OR GREATER
* BEAM UNIFORMITY - LESS THAN 20 PERCENT VARIATION

* WAVEFRONT QUALITY - BETTER THAN X/10

* POLARIZATION - LINEAR OR CIRCULAR

MEASUREMENT OUTPUTS

SVIEW SCREEN

POLAROID CAMERA

PHOTOMETRIC MEASUREMENTS 
- RELATIVE ENERGY IN FAR FIELD TO b 5 PERCENTTOTAL ENERGY IN PATTERN

ENERGY IN SELECTED ANNULUS



Camera

View
Screen

FFDP
Photometry

HeNe Laser A

PoLinarly Shutter c= Photometry Mask

Beam

41 Plate

\ -
(Flip to Insert) - Fp

Mirrors
Beam

Expander

Rotatable __
A/2 Plate

M. O.

r .. ?Collimating Lens,Pinhole~-> I---

Pre-diverger - Under Test
MQ #1 Beam splitter

z 50mm aperture

FFDI

- Cptical Schematic



LAGEOS

FFDI MEASUREMENTS OUTPUT

VISUAL - VIEW SCREEN PROVIDES FAR-FIELD DIFFRACTION PATTERN DISPLAY; FIELDOF VIEW IS 75 ARC SEC

PHOTOGRAPHIC - POLAROID CAMERA PROVIDES PHOTOGRAPH OF THE FAR-FIELDDIFFRACTION PATTERN: EXPOSURE VARIABLE FROM 1/4 TO 1/500 SEC
PHOTOMETRIC - DIGITAL DISPLAY (SELECTED)

- INCIDENT LIGHT MONITOR
- RETURN LIGHT (IN FAR-FIELD) MEASUREMENT
- RATIO OF MEASUREMENT'-TO-MONITOR

SENSITIVITY SELECTOR
- X1
- X10

MASK HOLDER
ANNULUS - 13.2 TO 16.9 ARC SEC DIAMETERS
FULL FIELD - 107.5 ARC SEC DIAMETER
HALF ANNULUS - 15. 2 TO 16.9 ARC SEC DIAMETERS

POLARIZATION SELECTION - LINEAR OR CIRCULAR
ANGULAR ORIENTATION OF LINEAR POLARIZATION

t-gx



LAGEOS

OPTICAL TEST DATA REDUCTION

DIGITAL DISPLAY:. LASER - INCIDENT LIGHT MONITOR
FFDP - RETURN LIGHT (INF AR-FIELD) MEASUREMENTFFDP/LASER - RETURN RATIO (INDEPENDENT OF LASER OUTPUT VARIATIONS)

RECORDED DATA:
RATIO-ANNULAR RETURN = (FFDP/LASER) WITH 13.2 TO 16.9 ARC SEC ANNULUS MASK INSTALLEDRATIO-FULL FIELD RETURN = (FFDP/LASER) WITH 107.5 ARC SEC MASK INSTALLED
REDUCED DATA:
PERFORMANCE RATIO = ANNULAR RETURN-TO-FULL FIELD RATIO - (RATIO-ANNULAR RETURN) @a(RATIO-FULL FIELD RETURN) ( a = 0

(RATIO-ANNULAR 
RETURN) @ a CAVITY TEM.

(PERFORMANCE RATIO) @ CAVITY TEMPERATURE L(RATIO-FULL FIELD RETURN) P a = 0 C
(PERFORMANCE RATIO) ISOTHERMAL-VACUUM (RATIO-ANNULAR RETURN) @ a ISO-VACUUM

(RATIO-FULL FIELD RETURN) @ 0 ISO-VACUUM
(RATIO-ANNULUS) @ CAVITY TEMPERATURE [(RATIO-ANNULAR RETURN) @ a @ CAVITY TEMP.(RATIO-ANNULUS) @ ISOTHERMAL-VACUU - (RATIO-ANNULAR RETURN) @ a @ ISO-VACUUM

FOR COMPARISON WITH OPTICAL ANALYSIS RESULTS:

RELATIVE ANNULAR RETURN = (RATIO-ANNULAR RETURN) @ TEMP.(RATIO-FULL FIELD RETURN) @ a CAVITY TEMP.



LAGEOS

FFDI SCALE FACTOR DETERMINATION

CALIBRATION RETROREFLECTOR

- FABRICATED TO PROVIDE A FAR-FIELD DIFFRACTION
PATTERN CONSISTING OF TWO SPOTS SEPARATED BY
11. 1 ARC SEC. (BACK FACES ARE SILVERED)

- SEPARATION DETERMINED INDEPENDENTLY BY
T WYMAN-GREEN INTERFEROGRAM

- BASED ON PHOTOGRAPHIC MEASUREMENT, SCALE
FACTOR IS 1.47 ARC SEC/MM

ALTERNATE METHOD

- MEASURE DIAMETER OF FIRST DARK RING OF AIRY
PATTERN FOR MASTER 90" RETROREFLECTOR AND
AN APERTURE, OF A KNOWN DIAMETER, IN THE
LASER BEAM

- ANGULAR DIAMETER c = 2.44 X/D RADIANS
where X = 632.8 NM

D = APERTURE DIAMETER

PHOTO: 118
EXPOSURE: 1/500 SEC
TEST NO. 18

00



LAGEOS RETROREFLECTOR
CHARACTERISTICS

TEST
LOCATION A B C D E F

SERIAL NO. 3 5 6 1 4 2

WAVEFRONT
DEVIATION
SECTOR 1 0. 15 X 0.0oX 0. lo0 0. 20 X 0.2 . 0 X 0. 202 0.15 0.20 0. 12 0.15 0.10 0.153 0.10 0.10 0.10 0.10 0.20 0.174 0.10 0.10 0.10 0.12 0,15 0.205 0.10 0.10 0.10 0.10 0.15 0.106 0.10 0.10 0.15 0.15 0.20 0.20

DIHEDRAL*
ANGLES (ARC SEC)
R 1 - R 2  1.81 2.07 1.30 2.00 2.00 2.05
R 2 - R 3  1.08 1.90 1.00 0.92 1.60 1.54
R 3 - R 1  1.42 1.80 1. 16 1. 24 1.57 1.83

DIAMETER OF
ANNULUS
CENTROID (ARC SEC) **

17.6 23.5 18.4 22.0 20.6 19.8

*90* + Angle Tabulated

**Based on Far-Field Pattern Photograph Measurement



RETROREFLECTOR OPTICAL PERFORMANCE
AT ISOTHERMAL-AMBIENT CONDITIONS

ANNULAR RETURN-TO-FULL FIELD RETURN* RATIO
TEST
LOCATION A B C D E E F
ORIENTATION
(6 ) -DEGREES 0 90 80 60 40 100 20

+30 .002** .002 .007 .017** X .003 .001LASER
INCIDENT +15 .056** .030** .057 .038** .050 .054** .031ANGLE

0 .118** .060** .117** .098** .106 .102** .084**
(O<) DEGREES

-15 .052** .032 .070 .038** x .046 .044
-30 .026** .004 .004 .002** X .007 .007

* FULL FIELD RETURN = MEASURED VALUE ATo< = 00
** AVG. VALUES, TWO TESTS

0o
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PHOTOGRAPHIC RESULTS

ISOTHERMAL-VACUUM (TEST NO. 17)

LASER INCIDENT ANGLE
a = 0*

RETROREFLECTOR A RETROREFLECTOR B RETROREFLECTOR C

RATIO ANNULAR RATIO ANNULAR RATIO ANNULAR= .124 = .067 = .127
RATIO FULL FIELD RATIO FULL FIELD RATIO FULL FIELD
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PHOTOGRAPHIC RESULTS

NO SUN - NO IR (TEST NO. 3)

+30*C CAVITY CORE TEMPERATURE

a = -30 a = -15* a = 0 a 
= 

+15 a = +30

EXPOSURE: 1/30 SEC EXPOSURE: 1/250 SEC EXPOSURE: 1/250 SEC EXPOSURE: 1/250 SEC EXPOSURE: 1/250 SEC

RATIO ANNULAR RATIO ANNULAR. 060 RATIO ANNULAR 092 RATIO ANNULAR RATIO ANNULAR = .007
(RATIO FULL FIELD) (RATIO FULL FIELD) (RATIO FULL FIELD) (RATIO FULL FIELD) RATIO FULL FIELD)

LASER INCIDENT ANGLE = a

!
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LAGEOS

RELATIVE EFFECT OF THERMAL/VACUUM CONDITIONS ON OPTICAL PERFORMANCE

PERFORMANCE RATIO @ CAVITY TEMPERATURE
PERFORMANCE RATIO @ ISOTHERMAL-VACUUM

T/V CONDITION 1 SUN - NO IR NO SUN - 1;IR

CAVITY
CORE
TEMPERATURE -30C +30C -30C +30C

RETROREFLECTOR
LOCATION A B C A B C A B C A B C

LASER +30 1.33 X X 1.00 X X 1.0 X X 1.33 X XINCIDENT +15 1.02 1.34 X 1.07 1.16 X .95 1.06 X 1.25 1.25 X
(a)-DEGREES 0 1.02 1.21 -1.02 1.09 .90 .94 .95 1.03 1.02 1.08 1.05 .96

-15 1.15 X X 1.24 X X .98 X X 1.28 X X
-30 1.12 X X 1.15 X X .92 X X 1.23 X X
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LAGEOS

COMPARISON-THERMAL/OPTICAL ANALYSIS AND TEST RESULTS

THERMAL/OPTICAL THERMAL/OPTICAL
ANALYSIS TEST

RETROREFLECTOR MATH MODEL A (SERIAL NO. 3)
DIHEDRAL ANGLES 1.0, 1.5, 2.0 1.81, 1.08, 1.42
(ARC SEC)
WAVE FRONT DEVIATION .25x 0.15k, 0.15X, 0.10x
OF EACH SECTOR 0.10k, 0.10k, 0.10o\
DIAMETER OF FFDP 16.5 17.6
CENTROID (ARC SEC)

DATA ANNULUS DIAMETERS 13.2 -16.9 13.2 -16.9
(ARC SEC)

ISOTHERMAL-. VACUUM
ANNULAR RETURN .177 (a = 0) .124 = 0FULL FIELD RETURN . 0 8 6 (a -15 . 8 4 a= 15

THERMAL- VA CUUM4
ANNULAR RETURN .169 (a = 0) .135 (a = 0)FULL FIELD RETURN- .081 (a = -15) .102 (a = -150)

AT AXIAL ( C) 1.9
AT RADIAL (o C) 1. 3
CAVITY CORE +30 0 C +30C ( SUN-NO IR)TEMPERATURE +30C ( SUN-NO IR)

*DATA UNKNOWN

Ln



LAGEOS

VIBRATION EFFECTS ON OPTICAL PERFORMANCE

(ISOTHERMAL VACUUM)

RETROREFLECTOR

LOCATION D F

CONDITION PRE-VIB. POST-VIB. PRE-VIB. POST-VIB.

+30 .023 .023 .002 .002

LASER +15 .039 .044 .036 .037LASER

INCIDENT
ANGLE 0 .088 .089 .088 .082

(oC<) - DEGREES
-15 .038 .036 .044 .044

-30 .002 .002 .006 .007

t4

,a'



LAGEOS

VIBRATION EFFECTS ON OPTICAL PERFORMANCE

(NO SUN-NO IR, -30oC)

RETROREFLECTOR

LOCATION D F

CONDITION PRE-VIB. POST-VIB. PRE-VIB. POST-VIB.

+30 .020 . 020 .002 .002

+15 .033 .033 .033 .033LASER
INCIDENT
ANGLE 0 .075 .082 .077 .083

(() - DEGREES
-15 .036 .032 .039 .036

-30 .002 .002 .006 .006

.0
-_j



LAGEOS

VIBRATION EFFECTS ON OPTICAL PERFORMANCE

(NO SUN-NO IR, +300C)

RETROREFLECTOR
LOCATION D F

CONDITION PRE-VIB. POST-VIB. PRE-VIB. POST-VIB.

+30 .021 .020 .002 .001

LASER +15 ..035 .032 .035 .030
INCIDENT
ANGLE

0 .074 .067 .081 .070(e() - DEGREES

-15 .036 .030 .043 .036

-30 .002 .002 .006 .004

00



LAGEOS

CONCLUSIONS AND RECOMMENDATIONS

CON C LUSIONS:

- BASED ON THE THERMAL/OPTICAL TEST RESULTS, THE LAGEOS DESIGN,
AS REFLECTED IN THE LAGEOS TEST ARTICLE DESIGN, WILL MEET THE
REQUIREMENT FOR LESS-THAN-50 PERCENT OPTICAL PERFORMANCE
DEGRADATION, FROM ISOTHERMAL PERFORMANCE, UNDER ORBITAL
WORST-CASE THERMAL CONDITIONS.

- NO SIGNIFICANT OPTICAL PERFORMANCE CHANGES RESULT FROM
EXPOSURE OF THE LAGEOS RETROREFLECTOR/MOUNT DESIGN, AS
REFLECTED IN THE LAGEOS TEST ARTICLE DESIGN, TO THE LAGEOS
SATELLITE LAUNCH/BOOST VIBRATION ENVIRONMENT.

- RELATIVELY LARGE OPTICAL PERFORMANCE DIFFERENCES BETWEEN
RETROREFLECTORS, FABRICATED TO THE PRESENT SPECIFICATION,
ARE INDICATED BY THE TEST RESULTS.

RECOMMENDATIONS:

- MODIFY THE NASA-MSFC MOUNTING HARDWARE DRAWINGS TO REFLECT
THE LAGEOS TEST ARTICLE MOUNTING HARDWARE DESIGN.

- CONSIDER RETROREFLECTOR SPECIFICATION CHANGES IF LAGEOS SYSTEMEVALUATION BY SAO INDICATES THAT MORE UNIFORM PERFORMANCE IS
REQUIRED.

- CONSIDER ADDITIONAL THERMAL/OPTICAL ANALYSIS AND/OR TESTS TO
SUPPORT DATA REQUIREMENTS FOR LAGEOS SYSTEM ANALYSIS.



Aerospace
Systems Division

LAGEOS

DYNAMIC ENVIRONMENTS
&

VIBRATION TEST RESULTS

. ACOUSTICS

. SINUSOIDAL VIBRATION

. RANDOM VIBRATION



ACOUSTIC ENVIRONMENT

Peak
Pressure Pressure AccelerationFrequency Range (Hz) Level (DB) (PSI) (g's)

37.5 - 75 130 0.0090 0.24
75 - 150 135 0.0164 0.45
150 - 300 138 0.0231 0.64
300 - 600 140 0.0290 0.80
600 - 1200 141 0.0328 0.91
1200 - 2400 138 0.0231 0.64
2400 - 4800 134 0.0145 0.40
4800 - 9600 131 0.0103 0.29

(re: . 0002 dynes/cm2 = 29x -9 pi)(re: 0.00O2 dynes/cm =2.9x 10 Psi)



PURPOSE OF THE VIBRATION TESTS

- TO SUBJECT THE LAGEOS TEST ARTICLE TO THE LAGEOS
SATELLITE QUALIFICATION-LEVEL VIBRATION ENVIRONMENT.

- TO DETERMINE EFFECT, IF ANY, ON THERMAL/OPTICAL
PERFORMANCE.

- TO VERIFY DESIGN STRUCTURAL INTEGRITY.



LAGEOS

SINUSOIDAL VIBRATION

Axis: X ,Y,Z

Sweep.Rate: 2 O'CT/

10

. 12-16 2.3 g-peak
16-22 6. 8
I 2-200 2.

200-2000 5.0

I I

I

I I l .... .. .. .... I

120 0 100 200 500 1000 2000

Frequency Hz

" L-T. i 3



LAGEOS

RANDOM VIBRATION SPECTRUM

Axis: X, Y

Duration: Z M/v /N~

.1

I

I I

" I

I
I , I

I rwrequency Range Level
" 05-300 Hz +3 db/oct -

300-2000 0. 05 g2 /Hz

5 10 20 50 100 200 500 1000 2000 5000

Frequen . HI



VIBRATION TEST SEQUENCE

1. Z -AXIS SINUSOIDAL

2. Y -AXIS SINUSOIDAL

3. Y -AXIS RANDOM

4. Z -AXIS RANDOM

5. X -AXIS SINUYSOIDAL

6. X -AXIS RANDOM

0
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LAGEOS

STest Article Installed

on Vibration Shaker

L-107



TEST DISCREPANCIES

TDR No. 4009

DISCREPANCY POSSIBLE FRACTURE ON "C" RETROREFLECTOR

RESOLUTION MARK ON RETROREFLECTOR COULD NOT HAVE
RESULTED FROM VIBRATION.

INSPECTION, UNDER A MICROSCOPE, INDICATES
MARK IS A CHIP, GENERATED DURING FABRICATION,
WHICH HAD BEEN "STONED" TO PROHIBIT PROGRESSION.,
THE "STONED" TEXTURE OF THE SURFACE COULD NOT
HAVE BEEN CAUSED BY CONTACT WITH THE KEL-F
MOUNTING RING.

00



SCREW TORQUE VALUES

* PRIOR TO VIBRATION ALL SS SCREWS WERE REPLACED WITH
ALUMINUM SCREWS.

* ALL 18 SS SCREWS RETAINED INITIAL TORQUE (2.2 + 0.3 IN. LB.)
THRU-OUT PRE-VIBRATION THERMAL-VACUUM TESTS.

. THE RETRO "C" ALUMINUM SCREWS RETAINED INITIAL TORQUE
+ 0. 0(1.4 + 0.2 IN. LB.) THRU-OUT VIBRATION.

. AFTER POST-VIBRATION THERMAL-VACUUM TEST THREE ALUMINUM
SCREWS WERE FOUND TO HAVE RETAINED LESS THAN THE INITIAL
TORQUE VALUE:

RETRO "C" 0. 8 IN. LB.

0. 9 IN. LB.

RETRO "B" 0.9 IN. LB.

t4



LAGEOS

POST-TEST TORQUE VERIFICATION

ORIGINAL TORQUE = 1. 4 IN. LB. +0.0
-0o. 2

CHANGES SHOWN BELOW;. ALL OTHERS REMAINED AT 1. 4 IN. LB.

C A

t -t-I :/

I-



CONCLUSIONS

ACOUSTIC -ENVIRONMENT IS NEGLIGIBLE.

S THE LAGEOS TEST ARTICLE ENDURED THE SPECIFIED
VIBRATION ENVIRONMENT (I. E., LAUNCH LOADS) WITH-
OUT DAMAGE TO COMPONENTS, WITH NO OPTICAL
DEGRADATION OF THE RETROS, AND WITH NO SIGNIFICANT
LOOSENING OF RETAINING SCREWS.
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RETROREFLECTOR C
SERIAL NO. 6
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Internal APPENDIX M A
Memorandum

Date 28 May 1974 Letter No. 74-LAGEOS-22 Ann Arbor, Michigan

To J. Brueger

From J. Maszatics

Subject LAGEOS Acoustic Environment

Ref: Internal Memorandum No. LAGEOS-18 "LAGEOS Program
Review Minutes", 30 April 1974

Introduction

As a result of the LAGEOS Program Review,Bendix was assigned an
action item (no. 4. 16 of referenced memo) which states, "Provide
rational for not including exposure to the LAGEOS acoustic environment
in the vibration test. " The following is intended to close-out this action
item.

Summary

Since the LAGEOS design does not incorporate low mass-to-area ratio
components, it will be insensitive to the specified acoustic environment.
By comparison the specified vibration environment will be an order of
magnitude more severe than acoustics.

Analysis

The peak acceleration (g's) over a given acoustic frequency bandwidth is,

G= P

g (m/A)

where "p" is the acoustic pressure (psi), "g" is the acceleration of gravity
(386. 4 in/sec2 ), "m" is the CCR mass (lb sec 2 /in), and "A" is the CCR top
face area (inz). The acousic pressure is calculated from the referenced
pressure (00002 dynes/cm or 2. 9 x 10 9 psi) using the relationship.

p = (2.9 x 10 - 9 ) 1 0 db/20

where "db" is the specified acoustic level.

M-1



74-LAGEOS- 22
28 May 1974
Page 2

Table 1 libts the specified LAGEOS acoustic environment, the
corresponding pressure levels, and the calculated peak acceleration for the
hex CCR. The following parameter values were used with the above
equation to calculate accelerations:

mg= 0.07 lb

A= 1. 94 in 2

The sinusoidal environment from 37. 5 to 100 Hz is 2. 3 g-peak compared
to a maximum of 0. 45 g-peak due to acoustics. The random vibration from
20 - 2000 Hz provides 9. 8 g-rms, while over the same frequency range
acoustics generate only a maximum of 0. 91 g-peak. Obviously sinusoidal
and random vibration are the dominant loading conditions up to 2000 Hz.

At 2000 Hz acoustic excitation will generate 0. 40 g-peak which
corresponds to a displacement of only 0. 00000098 in. At higher frequencies
the displacement will be even less. Even if system resonances occur
above 2000 Hz, it is of no concern since transmissibility levels could not
possibly be high enough to result in excessive response values.

Conclusion

The acoustic environment is less than lg across the entire frequency
spectrum. The specified sinusoidal and random vibration levels are
much more severe (6. 8 g and 9. 8 g-rms, respectively). Hence, acoustics
are insignificant compared to vibration and may be deleted from the test
plan.

JM.-b

cc: L. Lewis
E. Granholm
J. McNaughton
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Table 1 - LAGEOS Acoustic Environment

Peak
Pressure Pressure Acceleration

Frequency Range (Hz) Level (DB) (PSI) (g's)

37.5 - 75 130 0.0090 0.24

75 - 150 135 0.0164 0.45

150 - 300 138 0.0231 0.64

300 - 600 140 0. 0290 0.80

600 - 1200 141 0.0328 0. 91

1200 - 2400 138 0. 0231 0.64

2400 - 4800 134 0. 0145 0.40

4800- 9600 131 0. 0103 0.29

(re: 0. 0002 dynes/cm2 = 2. 9 x 10 - 9 psi)
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Internal AProE ce
Memorandum APPENDIX N Systems Division

Date. 3 June 1974 Letter No. LAGEOS 25 Ann Arbor. Michigan

To J. Brueger

From J. Massatics

Subject LAGEOS Circular Face CCR Dynamic Environment

References: (1) "LR 3 Array For EASEP" ADL report to Bendix,
30 June 1969.

(2) "Structural Analysis of a Typical Single Retro-
Reflector" ADL report to Bendix, 11 December 1970.

(3) "Vibration Tests of Single Retro-Reflector As-
semblies", ADL report to Bendix, 31 December 1970.

(4) Internal Memorandy n No. LAGEOS-18, "LAGEOS
Program Review Minutes", 30 April 1974.

Introduction

As a result of the LAGEOS Program Review, Bendix was assigned an
action item (No. 4.15 of ref. 4) which states: "Provide rationale from
ALSEP analysis/test data, for confidence in the structural integrity
of the circular-faced retroreflector and its ring mount in the LAGEOS
application. " The following is intended to close-out this action item.

Summary

Structural analysis and vibration testing of the ALSEP CCR indicates
that the LAGEOS dynamic environment will not subject the circular
face CCR's to excessive stress levels.

Discussion

The vibration tests conducted during the Apollo 11 LR 3 program are
discussed in Reference 1. Sinusoidal and random vibration tests using
a fused-silica CCR were conducted without damage nor optical degra-
dation.
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Sinusoidal sweep tests were conducted in three mutually perpen-
dicular directions from 5 to 2500 Hz at 40 g-peak input level.
Maximum sinusoidal input to the LAGEOS CCR mounting hardware
is 6.8 g-peak.

Three axes random testing was performed at 16. 1 g-rms input to
the LR3 array. Resulting response levels varied from 23 to 65
g-rms. LAGEOS random input to the CCR mount has been specified
at 9.8 g-rms.

Assuming the LAGEOS mounting system does not appreciably amplifythe dynamic levels to the CCR, it is valid to compare LAGEOS withLR3 . Such a comparison indicates that the LAGEOS CCR environ-
ment is less severe than the LR3 test levels.

As a result of structural analysis, reference 2 states that the fused
silica CCR with circular face and tabs is capable of withstanding a
static load of 2900 g's without exceeding the material yield stress.
Neither LR3 test nor LAGEOS specification environments exceed this
value.

Reference 3 presents the vibration test results for the Apollo 15 LR 3

program. A fused-silica CCR was subjected to sinusoidal dwell at
100 and 300 Hz without damage. At 100 Hz an input level of 170 g-peak
was applied for three minutes per axis. Response levels from 400 to
600 g were recorded. At 3 00:Hz an input level of 90 g-peak was ap-
plied for 1.5 minutes per axis.

Conclusion

The ALSEP (Apollo 11 and 15) LR3 vibration test levels were con-
siderably more severe than the specified LAGEOS environments. In
addition,structural analysis of a fused-silica, circular faced, three-
tab CCR show it to be capable of sustaining load conditions which are
much higher than those imposed by ALSEP environments.
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Assuming that the LAGEOS CCR mounting system is dynamically
similar to the LR3 mounting system, it can be stated that CCRs
will survive LAGEOS vibration tests without damage, since they
have already demonstrated the ability to survive the more severe
ALSEP environments.

Structural analysis of a fused-silica CCR, conducted during the
LR3 program, has shown a capability to withstand a static load of
2900 g. Hence, any CCR mounting mechanism that prevents im-
pact with the cavity wall should be sufficient.

The present design utilizes a pair of KEL-F mounting rings which
protect the CCR tabs from direct contact with the cavity wall.
Hence, the LAGEOS dynamic environment should not damage nor
impair the optical performance of the CCRs.

J. Maszatics

cc: E. Granholm
L. Lewis
J. McNaughton



APPENDIX P

Optical Analysis Cases

Emerging LaserCase Retroreflector Wavefront Thermal Field
N) -Dihedral Angle - Deviation Gradient Angles

2. 1 90 O' 1.5" O OoC 00
(three places) -150
(Ilperfect " config.)

2. 2 0/4 OC 00
-150

2. 3. a /4 two conditions 00

'2.3. b X . >/4 one condition 00

-15°

2.4. a 900 0' 1.0" k/4 OOC 00
900 O' 1.5" -150
900 0' 2.0" 
("tolerance!' config.),

2.4. b. 2 N/4 one condition 00

-150
2. 5. a 9.00 0' 1. 5" )/4 Unit Axial 00

(three places) temp. gradient
("perfect" config. )

2. 5. b )/4 Unit Radial .00
.- temp. gradient

-/S o
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